2 i FOREWORD

the experiments here deseribed monkeys have been used as sub-
jects: the experiments were intended primarily to define speeific
problems so that the more expensive chimpanzee material might
subsequently be used to better advantage. I am indcbted to
Professor Yerkes for his interest and cffestive support of these
studies.
The present experiments very largely owe their inception to the
work of Professor K. 8. Tashley, who recognized the need for
testing theories of cortical function in an animal form more closely
resembling man than the rat. Mere citation of reference does not
indicate the extent to which I have drawn upon his experimental
work in the development of these problems. The debt to Pro-
fessor J. . Fulton is more direct. Not only did he make avail-
able the facilities of the Laboratory of Physiology, but he has
enlhusiastically partieipated in the physiological and surgical
aspeots of the studies. The clear-cut nature of the findings is,
in no small measure, an expression of his surgical skill in producing
cireumseribed lesions of the cortex. Thanks are due also to Doc-
tor Margaret A, Kennard for assistance on physiological and
surgical aspeets of the problem. Daoctors D. G. Marquis and
H. W. Nissen have read parts of the manuscript and have help-
fully discussed and criticized various phases of 1he investigations.
These investigations have been aided by grants from the Re-
search Funds of Yale University School of Medicine and by a
grant from the Roekefeller Foundation to the Laboratory: of

Physiology.
C. B J.
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FOREWORD

The three papers presented in this monograph constitute the
first extensive report of a series of behavioral experiments on cere-
bral function in primates. They have been carried out as part
of the program of the Yale Laboratories of Primate Biology. In
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chavacter and behavior, though it is difficult to state in precise terms the
nature of the change. ‘The animals operated on werc seleeled on aec-
count of their intelligent character.  After operation though they might
seem 1o one whe had not compared their present with their past, fairly
{ monkey intelligence, they had undergone a ¢on-
siderable psychological alleration. Instead of, as before, being actively
jutercsted in their surroundings, and curiously prying infoe all things
that came within the field of their observation, they remained apathetic
or dull, or dozed off to slecp, responding only to the sensalions or im-
pressions of the moment, or varying their listlessneas with restlessness
and purposcless wanderings to and fro. Whilg not actually depnived of
intelligence, they had lost, to all appearance, the facu
intelligent ohgervation” (Terrier (14), pp. 231-232)

yp to the average o

Ferrier thus summarized his early observations on the effects
of experimentally removing the frontal lobes in monkeys, and
added impstus to the growing helicf that certain areas of the
cerchral cortex were particularly concerned with intelligence.
Thysiologically, he looked upon the frontal lobes as having motor
functions, the precentral portion being excitatory, the antero-
frontal, inhibitory. Psychologieally they were reparded as cen-
ters of attention, a process through which the “intellectual and
reflcctive powers’ were manifested.

The trend toward localization of higher psychic functions had
alrcady found supporters among clinicians of the times as well
as in the experimental laboratory. Among the experimental
physiologists, Hitaig and Ferrler were able advooates of the
doctrine.of localization, In discussing Munk's views of the cor-
tﬁg;,@itzig in 1884 u(Z@ reaffirmed his earlier oxtreme position

vy writing:

C “1 find myself in opposition to Munk as regards the nature of the
]ﬁgther ir1tcll_@ggl functions and their relation with the anatomical sub-
Stratum, Munik holds that there are not special organs for these func-
tions and that there is no necessity for themn. T believe with him that
intelligence, or more eorreetly the treasury of ideas, is to be sought for
in all parts of the brain; but 1 hold that abstract __thought must of
necessity require particular organs and the ek provisionally in the
Frontal brmn” (Quoted from Bianchi (L, p. 7T1).

% domeppindern s

I. THE FUNCTIONS OF THE FRONTATL ASSOCIATION
AREAS IN MONKEYS

C. F. JACOBSEN

HISTORICAL SETTING OF EXPRRIMENTS

Theories r{f cerebral function since early formulations by Gall
fmd Spurzhen‘n have represented two distinet points of vie)\!v ;nd
it has been.mth varying fortunes that advocates of localization
and of omnivalence have endeavored to eslablish the correctness
of i.hel:lr -rcspeqtive doctrines. In these discussions the r{”)lc‘of thb
assoclatmn. areas—the frontal and prefrontal in pa,rl.‘iculat'—h;
been’ a po'mt of roeurring controversy, That the frontai lobeb
have continued to be recalvitrant to experimental study in a ;
mals to a greater degrec than sensory. and motor regiur{s of fz}lllh
cortex has been due, in no small measure, to the indefinite nat 'e
f’f .Lhe defects associated with injury of this region. Mm‘eox:]cll'o
it 1s .only a8 special behavioral techniques are employed tha,t,,
occasion arises to modify greatly Ferrier’s classic charaetm:iz 1
of frontal lobe deficit in monkeys. In 1876 he wrote: e

o H
ot I[ESE;‘:}] 101‘ flestructlc.m by c{mtel:y of the antero-frontal loboes is
ot ; )‘y any.dcﬁ‘mte physiclogical results. The animals retain
fmllvr n,ppref,lte:: and instinets, and arc eapable of exhibiting emotional
rf-]enl-?ii. l.he s?nsory!f;aculties, sight, hearing, touch, taste and smell
t}.mi(. ! um‘r.npalred. The JDawers of voluntary motion are retained in

Av mteg'nty, and there is little to indicate tho presence of suet
tensive lesions, or remgoval of so large a part of the bI‘ﬁiI;. 1 hu.Cv:\ ‘:')t:-
:rll]zw;iflln{;l;? f[(;z.lfml.lohes e almost-cumpletc]y in three monkeys, with
she sun Och[];a\ 1via Lesu}ts, and }vllab 1s more remarkable, I found that the
; L of these lobes in an animal which had recovered from ablation of
i oceipital lobes eaused no symptoms indicative of affecti i
Pa!:ment of the special sensory or motor faculties, " Ll BT
Svaild yei];: not\vlthsta,n_diug this apparent absence of pliysiological
ymptoms, I ecould perecive a very derided alteration in the animal’s
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altered intellect, all the more severely, the more extensive the
injury since a larger group of images having their foundations in
the destroyed arvea would be lost. The superficial similarity
between Munk’s view and certain of Lashley's latel formutations
is readily appreciated.

Luciani (44) admitted the nced of association areas for higher
psychic processes, but denied such functions to the frontal lobes,
and in harmony with Munl, regarded them as centers for the
musculature and senstbility of the neck and back. Luciani’s
position was supported by the researches of Sciamanna, Polimanti
(see {1)) and Horsley and Shaefer (24). These investigators
reported but slight and transitory disturbances in dogs and
monkeys after injury to the frontal lobes, but their denial of
higher functions to this region was challenged because the lesions
involved only small portions of the frontal and prefrontal areas.

In more recent times, the doctrine of loealization of higher
psychic functions has been ably and persistently advanced by
Bianchi (1) who has claborated the earlier views of Hitzig into

# theory of hierarchies of correlation centers of which the frontal”

lobes form the highest level.  While he recognized the important
contributions of the temporal and parietal association areas to
the formation of intellect, groatest dignity and importance were
assigned to the syntheses mediated by the frontal lobes. Bianchi
concluded from his experiments and clinical observations:

“Removal of the frontal lobes does not so much interfere with the
pereeptions taken singly, as it docs disagpregate the personality, and
lnnapilgggl,e for bu"l'ﬁmng and synthesi UPS ¢ of _representations.
The actual impressions, which serve t revive these growps, thus succeed
one another disconnectedly under the influence of fortuitious external
stimukbi, and disappear without giving rise to associational processes in
varied and recurzent succession. With the organ for the physiological
fusion which forms the hasis of association disappear also the physieal
conditions underlying reminiscence, judgment, and diserimination, as is
well shown in mnlilated animals.”

Presumably this diminution in synthesizing capacity is a quan-
titative loss, and according to this view, the association centers

SIUDIES OF CEREBRAL FUNCTION IN PRIMATES 5

The controversy, which remains alive at the present day, was
vigorously launched and efforts to localize higher funetions in
the frontal lobes did not go unchallenged. Goltz emphatically
denied that injury 1o the frontal parts of the brain in dogs caused
more severe dementia than injury to the posterior parts, and
emphasized the relation hetween ihe degree of impairment and
the extent of cortical destruction. Toeb (42) later concurred in
this view and argued that “‘localization of psychic funciions in
the cortex is opposed to the clementary facts of associative
memaory or consciousness.” In refuting claims that intellect is a
function of specialized regions of the brain Loeb states:

“The assumption of ‘cenlres of association’ is just as erroncous as the
assumption of a centre of codirdination in the heart.  Association is, like
cordination, s dynamical property determined by the conductivity of
the protoplasm. Associative processes oceur everywhere in the hemi-
spheres {and possibly in other parts of the brain), just as codrdination
oceurs wherever the coancetion between two profoplasmic pieces is
sufficient” (42, p. 275).

In reviewing neurological theories of intelligence, Lashley (34)
has shown the weaknoss of the dynamic theories of Flourens, Golts
oand Loeb in that they do not explain the characteristies of deteri-
oration in any form of dementia, and offer no conceptions of how
a unified mass of nervous tissue may participate in qualitatively
diverse activitics with an efliciency solely proportional to its
quantity.

Munk’'s theory, based upon sensory localization in the cortex,
offers a more satisfactory formulation of the deetrine of omniva-
lence than the dynamie views of Flourens, Goitz and Loeb.
Munk (51) divided the eerebrum into a number of sensory sphercs
in which the images associated with a given sensory modality
were stored and elaborated. According to this view, complex
integrations and intersensory correlations were effected by inter-
conhections between sensory spheres, and the existence of spe-
cialized arces of association for the higher intellectual functions
was denied. Intelligence was regarded as the product of the
several sensory spheres, and any considerable lesion of the cortex

el L
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6. “Only newly formed habits secmed lost after such lesions. T.ong-
standing habits seemed to be retained.”

“Jrom clinical and experimental results of others as woll ns those
which have been recorded in the present paper 1 conclude that the frontal
lobes are concerned in normal and daily associational processes and that
through them we are enabled. Lo form habits and, in general, to rn’?

(16, pp. 63-64).

At first glance these experiments seem to support Bianchi's
contentions since there was amnesia for recently acquired sensory-
mnotor associations. However, the fact that Frans's animals were
able to relearn the habits in normal time opposes Bianchi’s claim
that animals which suffer removal of the frontal lobes show
marked diminution in learning ability. Bul more strongly in

contradiction are the records of animals which showed no ammesia -

for recently acquired ‘habits. These negative instances TFranz

explained on the hypothesis that tlij‘i}ﬁgﬁ"'6ver'—tra_inirig-t:,'b_é__ habits
were tiediated By lower ceniors, an assumption which has been

shown (257 to be poorty substantisted by Franz’s own protocols. -~

Bianchi dismissed Franz's negative results on the grounds that
the lesions involved only part of the frontal association arcas.
The autopsy rcports are not adeguate to delermine the validity
of this criticism. :

The writer (25) has recently determined the effect of frontal
lobe lesions on acquisition and retention of sensory-motor habits,
using as test situations puzzle boxes of varying degrees of com-
plexity and visual diseritination problems. He failed to confirm
Trang's claim thal recently acquired habits were lost after frontal
injury since there was no amnesia for simple problem. box and
visual diserimination habits. The acquisition of new sensory-
motor habits after operation took place at normal rate and in no
instance when lesions were restricted to the frontal association
areas was there general deterioration of behavior.

Tt is evident that studics of the frontal association area in
monkeys have produced a diversity of opinion concerning s
functions. The effects of injurying this region embrace a wide
range of symptoms; by some investigators, removal of the frontal
lobes has been deseribed as causing “no intellectual impairment,”

i
i
i
i
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of tho frontal lobe add only a final stage of integration to cornec-
lions established in the more posterior parts of the cerebrum.
They are codrdinating centers rather than regions for special
claboration. Ceriainly the impression Bianchi strives to produce
by his protoeols is one of gencral dementia rather than the loss of
a gggc_‘éﬁgjy_p_ction. Tn this view Brickner (4)' concu ter ar
oxcellent and thorough analysis of {he behavioral defects in man
following bilateral frontal lobeetomy, and indieates that “all of
the interpretable changes may be explained by a diminution in
the associative function of synthesizing simple mental engrams
into more complex ones. Hence, the changes are fundamentally
quantitative in character, and not gusalitative.”

Bisnchi's experimental obscrvations on the [unctions of the
frontal lobes in monkeys are vulncrable at two points: (e) his
experiments are impressionistic—objective measures of the degree
and nature of behavioral defieit are lacking; and (b} he has not
demonstrated that lesions of equal extent in other parts of the
cortex do not eause dementis of equal severity.

The work of Franz (16), building on the earlier studies of Hitzig
and Bianchi, is espeeially noteworthy because he first applied the
objeetive techniques of comparative psycllofgéy I measuring
behavioral deterioration after cortical injuries. His results on
the offects of frontal lobe injury are bricfly summarized:

1. “In monkeys and cads the frontal lobes are normally employed in
{he formation of simple associations. .

9. “When the frontal lobes are destroyed recently formed habils are
lost. ’

5. “fhe loss of associations is not brought about by lesionsof other
portions of the brain.

4. “The logs is not due to shock, for lesions of other parts of the brain
ate not followed by loss of the habits nor does the anesthetic and loss of
Blood, ete., produce loss of the association.

5. “Habits once lost after removal of the frontals may be relearned.
'.The releayning takes about as long a time as if’ the animal weré relearn-
ing a new assceiation. ‘

l.NO atteapt has been made to inelude clinical materials in this summary; for
& discugsion of recent clinicnl chservations on the frontal lobe the reader is
referred to Rrickner's (4) study.
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yraining so0 that the ngual visual functions of the striate arca were
not. activated ab the Lime of acquisition of the habit, indicate that
deteriovation iz of the same magnitude a8 far those animals in
which it had sevved its pormal visual funetions (59, 56). It thus
ApPOArs shat In the rat a given eorbical aven may partivipate in
swo distinet patierns of organization: one in which the differenti-
ated structure i prcdnm'maut., and another in which the fune-
tionally undiffurenl.iatcd mass of Lissue is of greater significance.

ke application of the principles of equipowntia\ity and of
snass action, a8 iljustraied in cortieal activity in mazeé {earning
by rats, 1o human neurology has nol met general accoptance
Fvidence for diffused function in mwab is most readity gathered
from cases with deterioration at complex Jevels of integration.
i these inglanecs the disturbanees gre often vague and poorly
defined, and similar symptoms soean 1o arise feom lesions 10 quite
diverse puarts of the cortex. On lower functional levels in pri-
mates, e.g motor and sensory projection gyslerms, 1t 3s elear that
not all parts aré functionally equivakent; pus ab the go-called
higher lavels, spec'lal'smtion of funclion and restriction 4o limited
areas has not been established.

' This paper presents o geries of expcrimcrlml observations on

{he volc of the frontal gssociation Areas in the organization of
hehavior in lower primates. Two interrelated problems &3¢ in-
volved: the one is newrologieal, {he other psychologica.l, and solit-
tion of the formet may supply’ in part, 40 answer to the jatier.
Fromn a penrological point of view, we may agk: Do the frontal
association arcas mediate a type of behavioral adaplation which
the organisn is incapable of exhibiting in ihe ahsonee of this
yegion? 18 this contribution somelhing which is peeuliar €0 the
frontal lobes, OF do the behavioral deficits also appest after equally
extensive injurics in other parts of the cortex? Inamere general
form, we may agk: Do the pr'mcipk-,s ol equipntcnti:xlity and of
mass action which Lashley hay demonstrated ab the 1nore complex
tevels of integration in the rat, also chayactorize cortical organiz-
ion in prim-.\mrs'.’ he problem here raisedd for study by psycho-
physinlogicm means i similar Lo that attacked by Potiak (H2) from

Fryninsd or CEREBRAL t‘UNC’l*lON N I‘RlM_-\’l‘l\lS 9

but by others as causing pmfuund detcrinrat'}on of all intul\ig,c.m
hehavior. Trom these pxperiments cortain conditions reguisite
to adequate experimcnbx\.tinn ean be speniﬁed, e, geleelion of
apprnpr'mte behavioral tests, rostriction of Jestons 0 {he fronta

arens, and jutroduction of control lesions 1B other cortical Teglons.

S’I‘A’]‘EMENT o1 PROB LM

1p the last decade the work of Tashley and his students bas
again chu.lh:nged ihe doctring of cortical 10c-.a1‘tz.at‘mn, tm;_weuial!y
as n.pplied {o higher levels of intepration. In b}'lcf, hese invest-
gations have showi that in rodents & given coviical ared muy sub-
gerve two different functions andd pm‘tic'\pute in two gifferent plans
of cerehral m‘gunizaticm. Tlms, the ared gtriata 18 the region ©

primary pmjccti(m for fihers of the yisual systen arising in the
lateral gcnicnlute hody. Recent a,natnm'mnl tndics (37, 38) have
dumunétmted {hat this ared exhibits & mosaic localization which
in detail of repre&scntntion and Tigidiby of orgun'ml.ti(m ;Lpprom'.hes
{hat of the con'esponding region of {he primate tain (G, 7
Lesions il {hjs ares Lause more or 1ess severe 'u‘npuirment of visu-

ally dctcrmined behavior although injry in {ho anterior tw ()-th'dls

of the cortex does 1ot produce such deterioration. These experl-

ments bave indicated marked anatomnical and functional apeui-

ficity of the striate wed for visually controlled reaciions thal are
mgunized ab cottical Jevels.

Tlowever, the area strinta aiso pm‘t.icipat.es in the usso(:i.m.iunzﬂ
aclivities of (he cortex In & manner different from and soemingly
independent of its functions as b visual pro]ection feld. Thus
retardalion in learning of complex mazes (34 41) and other prob-
jems nvolving {emporal m'ganimtion of hehuviot {43, 46, 47) 1s
propurtimml to the mass of cortical tigsue destroyed bt 1s rela-
Livety ynretated 10 the locud of the lesion. Tt appears th.tt for
this type of integration, whieh is not dependent upon & purtlculm
gENsory regicn but involves temporzl patterning of behavior, the
various corticnl areas aré, within wide limiis, funetionally couivas
lent. Injury 10 the accipital (hird of the portex retards oot
learning, but 1o more so thai do lesions in other parts of the
neo-covlex. Control observations o animals Llinded before
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1o varying the Kind or ameunt of toad, or the degree of satiation
in the study of animal motivation.

in the present experiments three groups of behavioral lests
have been employed: () 1_)3‘(_}\)1?_1_1_; E{_)_}_(_(:» requiting the establish-
ment of slable vishok is
crimination prgfil'em:i; and (o) delayed response. In the first two
groups of tests, the subject is conf routed on Siecessive trials by a
problem situation which presents the necessavy diffcrential cues
at the time of response. Thus in comparison and seleetion be-
iween two visual palierns, differential cues impinge upon the
animal’s sensoriun from the test gituation itself. Onee the sub-
jeet has loarned that food can he obtained from the larger of two
paired boxes, the differential cues which determine for a given
trinl whether the right or left box shail he opened, are inherent in
the Lest situation. In  similar way, cach problem box offers Lo
ihe sophisticated subjeet differential cues which release motor
activities appropriste to the partieular task.

In testing for delayed response, ihe dilferential cues which
determine whether the right or left box shall e opened are care-
fully climinated from the test situntion and must in some manner
be supplicd by the subject, In the divect, method of {esting for
delayed response, the subject observes the experimenter conceal
food undey one of Lwo similar test objects. Before there has been
ppportunity to muke o completed respouse, an opaque door is
interposed between subject and test abjects, and only after an
interval of a fow seconds to several minutes is the subject per-
mitted to open one of the Two paired test objects, and if its choice
has been correct, obtain the food which it esrler saw concealed.
In a preperly comtrolled experiment visual, olfactory, or other
cues are notb inherent in the test situntion, and by contrast with
Jdiseriminaiion and problem box tasks, the diffcrential cues that
determine which partienlar test phject will be selected, must be
aupplied by the subject either through some sustained activity
during the period of delay or by recall from past experience, Le.,
observation of the experimenter concealing food at the heginning
of 1he trial.

That the tests employed in the present experiments make dif-

is yo-kigp.:ggyctzitti}nnmr Tabits; (by visual dis-

s
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he neuro-anatomical point of view. Tu his extensive study of
he afferent fber syslems of the primate brain, he writes:

¢\ly previous and present investigntions justify admission of the ex-
stenee of differences in innctional significance of the specifie afferent
jaths of the cerebral cortex, and even of the individual winall neuronic
anits composing each of the somAatic $ensory, auditory, and the visual
systems together with their respective covtical terminal areas. NMore-
over, it appears logical as & next step to admit the existence of some
Vil of localization of “higher” activities in the chain or sequence of
events interposed between imitial afferent processes and fnal efferent acts
.. Nor does it seemn possible to avoid such & conclusion, however risky
thig might appear and difficult to solve, il we consider the advaneed
struetural diffcrentiation of the human cortex as compared with that in
Jower mammals. .. _Nevertheless, as previousty sunted, the difficulty
yere is not only in discovering speeiul structurts, the substrata of par-

ticular primitive functions, but alzo in determiniug aud in defining of

those primitive of clementary processes (o be localized. Do this as it
may, advance in the disentanglement of these intriente problems may bie
expreted from further investigation of the organ of the mind itsell and
by improved methods of study rather than from eluborafe speculaliou”
52, pp. 217-18).

The psychological aspect of the investigation has been antici-
pated by Poliak’s pointing, in the above quotation, to the difii-
culty “'in determining and defining of those primitive or elemen-
tary processes {0 be loealized.”  However, detailed consideration
of this problem can profitably be reserved until the neurological
fndings have heen presested, dnee it is our purpese to hasc psy-
chological analysis upon ncum-physiological cxpul'imentation.
11 is well to note, however, that the problem raised and the answer
sought are psycholngicnl— "pot neurologieal. This is n point abuut
which confusion exists in the minds of some puychologists who
{end to dismiss the nem‘o—physiolngica.l approach s perhaps inter-
esting and valuable, bud essentially not psychologicuL To place
{his interpretaiion on the expetiments Is erroncous. Kxperimental
injury to the nervous system is here atilized as a tool of psycho-
logical analysis, as an added variable comparable in character
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and the corresponding part of the superior gyrus on the medial aspeet,
Its anterior limit is found in the monkey in the superior limbof arcuate
and its arbitrary extension to the midline. ‘The posterior boundary is
variable but corresponds roughly with the superior precentral suleus,
There is also a small premotor arca oral to the motor ares for the face,
Microscopically the premotor area is similar to area 4 except for the
absence of the lurge Betz ceils.  The third and fifth fayers, which tend to
fuse in places, contain large pyramidal eells (although smaller than the
Betz colls) throughout area 6.

Ironfal vegion. Microscopically in man and in monkey the
frontal region forms a counterpart of the precentral since it is
characterized by the presence of an internal granular layer, In
monkeys this region oceupies the anterior hall of the frontal
Iobe; in man it comprises more than four-fifths of the lobe. Five
areas or fields have been recognized:

(a) Area B (area frontalis intermedia, area FC, the eye-fields). Arca
8, hoth on the greunds of its transitional architectonic arvangement and
of its functional characteristics, might well be regarded as a part of the
motor-premotor ecomplex, It cxtends as a narrow strip along the
forward rim of the arcuate sulcus, and the frontal region accordingly
presents a wholly different arrangoment than in man in whom ares 8
ocenpics the space rostral to the premotor region on the convexity of the
hemisphere. . ‘

{b) Aren 9 (area frontalis granularis, frontal area of Campbell, -area
D). Arca 9 of the simisn brain corresponds in arrangement and
structure with areas § and 10 of the human cortical map of Brodmann,
In the monkey arca 9 constitutes the greater part of the frontal region on
the lateral and medial aspects. ‘

(c) Arcas 10 and 11 (arcas orbitalis externa and interna, ¥'G and I'H).
Theso areas make up the orbital surface of the frontal lobe.

(d) Area 12 (area frontopolaris, prefrontal arca of Campbell, area
FI3).  Arca 12 oceupies the tip of the frontal lobe and corresponds to
area 11 or the prefrontal arca of the human cortex, )

The homologies of these fields in man and lower primate is not
clearly determined, although Brodmann has indieated that the
structural characteristics of ficlds 44, 45 and 46, the speech areas
of the human brain, arc not found in the monkey. It is thus the
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| frent demands upon the ifwrf;la;nism isl fz?gglirc(:lezfu:],ns:ﬁgz:gf; 3(&:1111:\;
i i i i he psycho ; .

: EUILS I(;(\iriégﬁltl.t16%8;:;2‘1]1(10&1gges{i13;g al this time that the dishnc[i

: ?im:thus made in operational terms parallels tlhe usuall‘y acce‘[:?e

. !listinction between the psychological ‘funetlons of 1ect‘)gm 103
ind of recall, consideration of this t()plcl can betler be reserve
it diseussion of the experimental findings.

. ‘ AL CONBIDERATIONS

that part of the neo-
This major

SOME ANATOMICAL AND PIYSIOLOGIC

The frontal lobe of primates consists of _
s anterior to the central sulcus.l
has been divided into several regions arlld areas
¢ cyloarchitectonic characteristics (see
von Economo (13); C. and 0.

|
pallium which lie
Ipart of the cortex .
‘which have distinctiv i
| Br 5); Campbe ; ] 4
;]\5’:)(;:1122171;‘).( )Of thesfz several studiet':, thatl, of lBrod.ltnm{lfril‘ :ﬂtﬁi
| greatest significance for present _conmdcrat-mn gince it 0 : ® e
i; most complete homologic analysis of .the frontal l_obe in m . wnd
i In Brodmann’s classifieation two reglons, precentral

:
i monkey. ’ sion niral
| and frontal, each consisting of several smaller areas or fields, &

i .
; vecognized. . . . '

' . The posterior boundary of the procentral

Precentral region. e
-emion is found in the central sulcus,
i 1‘0§'trally to oceupy in the monkey about one-half of the froq‘u‘alll
lobe in contrast to searcely one-tenth in man. 'IIThe prccen%;a‘
region is composed of two closely related eytoarchiteetural fields,

namely: the motor and premotor areas (areas 4 and 6 of Brod-

mann respectively).

whenee the region extends

(n) Arca 4 (motor arca, arca gygantopyramida.hs, aren IL Aﬂ;{ :,Zﬁ
Ticonomo). The motor aren in the Iponkey oceupies tlhel ante o
' of the central suleus and several milllmetcfrs of th.e dorsal co&lvt;x;sz"cn_
\’ the precentral gyrus. Microscopically this aren i3 compose. :; Ml; a

tially five layers sinco the internal grur}ulfxr laycr is ahsentfo;]g‘ 4 :ntic
duced. The outstanding characteristic is the presence ol the g1&
i s of Beta. . ]
})YEEI)“ﬁf;gn(Spsmmtm area, ared fmntulis: ‘agrurmlm;s, ‘arefa. FB(,) (:Et(:;
© mediate precentral region of Campbell). The lpremot}m alea%fe Su{; o
tho region rostral fo the motor area and superior to the arcud
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sented in a cage with two adjoining compartments (fig. 1). Pas-
sage between the delay (A) and reaction (B) chambers was con-
trol!ed by two porteullis doors, one a grille (() through which the
subject could see the preparation of the problem. (as illustrated,

71 11 ]° N

L& =W .
o 3
E

Fie. 1. Froor PraN oF ExrERIMONTAL CAGE

A and B denote the delay and renction com i i
C periments; G is a portoullis gri
:lrll::i“;?‘ ::.]:)1 ;gf?i%?l)t;ldoo'll:ile [‘hﬂbtimy gnd 0\.1:)8& I, uaeid for the dclu]lr)cd 1-csp:>.ng§:111‘?é
E ; . problem boxes and iseriminati X

substituted for the delayed response equipmel‘:é.mm disoriinination apperuhis are

the delayed response), and the second, a solid door (D) for com-
pletely interrupiing vision between compartments. The sides
and top were made of 3 em. wire mesh, the floor and partition
{P}, which enclosed the controls for the doors, of unpainted pine.
A one-way vision sereen, placed 3 feet in front of the reaction com-

e

|
|
|

i
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third frontal gyrus and the middle portien of the second frontal

gyrus which appear to be lacking,.

In the following sections of this monograph we shall usc the
terms frontal areas and frontal associgtion areas interchangeably
10 refer to that part of the frontal lobe of the monkey embraced in

! greas 9 and 12 of Brodmann (irontal and prefrontal arcas of

Campbell, areas FD and FE of von Hconomo). The frontal

arcas will be treated ss a unitary region without attempling at
present to make functional differentiations between the several
fields, :

1n addition to architcchionie evidences, abundant functional
data give support to the division of the frontal lobe into the pre-
central and frontal regions (1, 2, 8-11, 17-22, 26, 32, 53, b4).
Consideration of these and earlier studies of the frontal lobes
makes it evident that the following neurological requirements
must be met: () Lesions must be restricted to the frontal asso-
cialion areas, since any extensive encroachment upon the pre-
central region markedly modifies the eharacteristies of behavioral
deficit. 1In the present experiment the arcuate suleus and its
arbitrary projection to the mid-line was aceepted as the posterior
houndary of the frontal areas. (b} The cffeets of lesions of equal
or greater magnitude in other parts of the corlex musl be oh-
gerved. In the preseni paper, experiments dealing with injury
to the precentral region, the posteentral areas, pusterior parietal °
region, and the temporal lobe, will be presenied or cited by
reference.

HUBJBCTS AND BXPERIMENTAL METHODS
Subjects

Heveral species of monkeys were used as experimenial subjeets

(Macaea mulatts, Cercocebus torguatus and Papio papio).

- Details of age, sex, adaptation to cxperimental procedures, ete.,
are indicated in the protocols for individual subjects.

Tests and training procedures

Praining cage. The several problem situations—problem
boxes, delayed vesponse and visual diserimnation—were pre-
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so that 8 faced the erank in its former position, Thes¢ rendjustments
were made with little diffienliy, The putl and the hoeok und handle
could be opened either fivst or second, whereas the crank, which had to
he raised ahove the lowest poind of the are and consequently could fali
Luek, of necessity had to come Jast in the series.

Delaged response. The delayed response losts employed the
divecl situation. With 8 in the delay compartment, the solid
door was raised and there was thus expased through the grille a
black teny contlaining two white cups 60 em. apart (fig. . E
{hen attracted S's atlention Lo one of the cups by placing food
beneath it.  After an interval, the grille door was rajsed and S
entered the forward compartment to make its selection hetween
the cups, and if correet in its choice, secure the food which it had

carlier scen coneecaled.  When an aceuracy greater than 80 per -

cenh had been achicved and 3 seemed well adapied 1o the iraining
procedure, the solid door was lowered during cach trial, as soon

-as the cup had been baited, and remained in the lowered position

during the delay period. ‘The grille and solid deors were suc-
cessively raised at the end of the period and § advanced to the
reaction compartment as indicated above. Training was con-
tinued until 8 responded correctly on more than 80 per cent of
the trials after delays of five to fen scconds measured from. the
1ime the food was placed under the cup until the doors were raised.

Since it was our purpose Lo comparce performance before and
after cortical extirpation, conditions were established under which
several series of comparable tesis could be made Lo determine
levels of performance for various delay intervals, At the comple-

lion of the initial training indieated gbove, § was given thirky

irials per day with the length of delay determined according
to 1his plan:

RS 18 RS
LM 1.4 RM
IEE LM LL
RM RS RM
RL LL RI.
1.3 ' RS BM
LM RL 15
RL I’ LM
.M L1, LS
R3 L3 RL
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partment, cnabled T to observe s behavior and by means of
ropes and pulleys, to control the doors hetween ehambers without
disturbance of work or introduction of sceondary visual cucs.
Problem bozes. Five problemn boxes varying in difficuliy wero
employed, Since these hoxes and the training procvedure have
been deseribed elsewhere {25, pp. 278-282), only brief charac-
terization will be given at this point. 5 was taught to seek food
from open boxes until it was thoroughly accustomed to the situa-
tion. 'Fhe lateh of the box was then closed and $'s efforls at
solution of thé problem noted, especially handedness, use of teeth,
perseveration of useless wovements and peculiarities in yoanipt-

Iation.
The following boxes, linear dimensions about 18 x 12 x 12 cm.

were used:

Rope box. To open this hox § must pull a rope projecting from the
right side of the box.

Pull box. § must reach thitough & hole and grasp and pull & Tod
which passed transversely across the opening. Pulling this rod toward
the operator released the lid.

Crank box, B must grasp and turn a crank projecting from the
front of the box. "The crank, which deseribed a cirele 10 cm. in dismeter,
was sob at 11 o’clock,” and had to be turned through 270° elockwiseto
relense the lid.

iIook and hundle box, B must raise a handle at the front of the hox.
“Phie handle was set at '3 o’clock” and had 1o be turned through 6o°
counter-clockwise to permit unfastening of & hook.  After unfastening
the hook, § had to raisc and wold the lid while removing the food. The
haudle eould be locked at the #1 gelock” position afler it bad once been
raised beyond that point. Tocause of the difficulty of this problem for
monkeys, ten trials with only the hoold were given before introduction of
the handle.

Serinl combination box. The latehes of the preceding threc problems
wore combined on one hox. The pull and the hook and handle were
lef{ in their former positions, but to fucilitabe construction, the crank was
moved to the right side of the combination box. This change neeessi-

tated Hlight readjustment of the methods of opening, sueh as a shift
from the Jeft to the right hand or a change u the pusition ol the body

Yy the present and fullowing sections, I uud o will designate experimenter
and subject.
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Fio. 24

T1a. 2B

1168, 2a AND B. DETAILS OF VISUAL DIsCHIMINATION ATPARATUS
The following aywbols are usod: &, stimulus card; B, limjlting flanye; (!and .,
earrier and holder for stimulus card; 2, track for curricr; P, lacking device; an
@ food tray.  The entire apparatus, as ahown in &, 18 fited into the front opening
of the reaetion com sartment.  The partition, P, separating the two stimul,
extends 45 em. into tLe cage.

gl =
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The first letter of cach pair refers 10 ihe vight or lefi eup; the
«econd, Lo the length of dclay. Ona given day three delay inter-
vale were employed in order Lo eNCOUTRLE sustained effort by
counteracting failures on longer delays with nore frequent sues
cesses after shorter intervals, Thus on the first day, intervals
of (8} 15, (D) 30 and (L) 45 seconds might be wged; on the next
day, 1S) 30, (A 45, and (1) t0; and so on, il by progressive
steps values were reached that gave results approximating 50 per
cent correcl choices. Ai ihe end of this series, lests with short
intervals were given 10 AssuTt 1hat failure had not heen due to
breaking down of 8's set for the problem,

The daily results ot various lengths of delay were summed at
completion of the tests, and the percentage of correct choilees
determined for total {rinls.  The pevcentages for the middle group
of delay values aTC consequently based on & grester number of
trials since the intermediate values Were used as 8, M, and L
jtems in conirast 1o the extremes which appenr only as §or L.

Visual discrimination. For testing visual diserimination the
principle of T.ashloy’s jumping technigue (36) was adopted and
an apparatus suitable for monkeys arranged ns indicated in figures
oa and 2b.  In this procedure S was required 10 push directly
apgainst & stimulus card (4) in order Lo geb food concealed behind
the vard, During initial training, B was allowed to take food
fyom the food tray with the carrier (C) and stimutus eard (4) in
the open position, i.c., pushed hack to give free aceess to (Y
on succeeding wrinls the test card was gradually maved forward
until § was accustomed to operating the carvier.  The limiting
flanges (B) cut down the exposed eard to a 20 x 20 cm. synare.
The stimulus cards were made of Upson P'rovess Board, 22 x 22 cm.
painted with black enamel. Sgusres of white, 2, 4, 8, 12, and
16 cm., linear dimensions, wert painted on black backgrounds.

Training on discrimination began with a white 8 em, squarce
(positive) versus & plain black ard.  With the monkey in the
delay compariment and the solid door lowered, food was placed
in the iray, and the test cards pushed into position against ihe
flanges. The door wes then raised and the anmimal allowed to
ke its choice between the two test objects. Touching and

o e
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Verification of losions
On completion of postoperative tests, the animals were saeri- o

ficed at autopsy. The graphic representations of the lesions
{figures 3, 4 and 5) are based on three sources of information:
gross and histological examination of the brain at autopsy, the
extirpated tissue, usually removed in a single block with the
major topographie markings preserved, and the cellophane tracing
made at operation. Although the use of the cellophane tracing
¢an not supplant the usual histological examination either by
sample blocks or serial sections, it has proved to be a valuable
adjunct in reconstructing the lesion. Extensive ablations are not
infrequently followed by distortion of landmarks through shifting
of cerebral substance in the brain case or Alling in of the extirpated
arca. Thus, in experiment 4 (fig. 5), the lincar measurements of
the lesion between @ and b were 30 to 40 por cent less at autopsy
than al operation, and a description based solely on the fixed
brain might eause considerable underestimation.

The following abbreviations for sulei and fissures have been
used on all figures: A, arcuate; C, central; ¥, frontal; PO, paricto-
occipital; and 8, Sylvius. Extirpated or degenerated regions are
indicated by stippling. A1l drawings are reproduced at approxi-
mately natural size. '

RESULTS

Protocols of four experiments arve presonted. The data will
be considered under the following topics: (1) preoperative train-
ing, (2) operation and recovery, (3) interoperative Lests, if the
lesions were prodaced in two stages, (4} second operation and
recovery, {5) postoperalive tests, and {(6) verification of lesions.

Faperiment 1. Simultaneous bilateral eatirpation of fronlal areas.
(Frontal IT)
The subject of this experiment was an immature female mankey
{Macaca mulatta) which had been under ohservation for six weeks
before training on speeial problems was undertaken. Its weight wns

3000 grams.
Preoperative training, Preoperative training included mastery of
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ipushing the negative card was scored as an error. Thirty trials
|per day were given except when specifically noted in the protocols.
iThe order and pairing of stimulus cards are considered for indi-
{vidual subjects.

i

i Surgical procedures

| Anesthesia was induced by intraperitoncal injection of sodimn
{ amylal, after which the operative field was prepared by shaving
and cleaning the scalp with bichloride and aleohol sponges.
Aseptic precautions were observed throughoul. A large bone-
flap, over one or both hemispheres, was turned back and after
reflection of the dura, a cellophane tracing of the chief cortical
markings, i.e., fissures, sulei, and blood vessels, was made. The

| Yimits of the proposed lesion were outlined af 1his time in reference

é to these landmarks.
I Extirpation of eortical lissue was accomplished by fivst coagu-

! lating the large vessels passing into the sinus with the Davis-
I Rovie electro-surgical unit, and then ineising the boundaries of
! the proposed lesion with the cutting current. DBleeding from
| arterics was controlled with fine silver clips. The last stage of
.} extirpation was effected by carefully dissecting away the cortical
| tissue with blunt spatilas. If possible, the tissue was removed in
if a single block and preserved for histological examination. When
{  compatible with experimenial and surgical requirements, sulel
i and other fixed landmarks were used to circumscribe the legion.
! (Ylosure of the wound was effected by drawing the dura over
| the cortex and suturing lightly with interrupted silk stitches.
| The approximated bone flap was then firmly secured by suturing
the temporal museles and aponeurosis with interrupted stitches.
In the last step the approximated edges of the skin were fastened
with interrupted sutures and finally closed with continuous sub-
! cutaneous suturing, After covering the wound with an alcohol
© sponge, the animal was returned to its cage where body tempera-
! ture was maintained by placing warm bottles with the animal until
it had recovered from anesthesia, usually a matter of four or five
howrg. Further details concerning these surgical procedures are
given elsewhere by Fulton and Keller (18}.




24 ¢, I, JACOBSEN

Puli box. 8 simnltancousty grasped the pull rod in the left hand
and rested the right on the lid, which was raised as soon as the catch had
been released. Tood was taken with the left hand, Time was about
one sceond. Postoperative retention of the pattern of response was
excellent and there was 1o incxease in time required.

wank box, @ consistently used the left hand to tumn the crank, sit-
ting in front of and slightly to the right of the box. The crank was
usually turned with one uninterrupted movement through 270° and
Fumbling and reversal of direction rarely occurred in later trisls.  Aver-
age time was slightly under two seeonds.  Retention of the responses to
this box was not impaired.

Hool-handle box. The left hand was used for raising the handle,
releasing the hook and raising the lid. Time required was about two
sceonds,  In Lhe postoperative tests 8 did not respond readily to the
handle on the first few trials, spending most of its encrgies in attempting
to relcase the hook, but the tendency to neglect the handie disappeared
within five trials.  Retention of this habit was disturbed but slightly.

Tombination box. Preoperative performance on this box was irregular
in time consumed, ranging from quicker times of five to eight seconds to
as long as twenty or thirty seconds on a few trials. 8 shifted frequently
from one latch to another without tendency to persevere on & given
lateh to the neglect of others.  In the postoperative tests there was an
incroase in Lime required and a pronounced tendeney to poysevere in
manipulation of a lateh which had been opencd and to neglect entively
other latches. It should be noted, however, that when presented
singly, S was able to manipulate skillfully each of the latehes which
offered trouble in combinaiton.

Delayed response. In the initial preoperative training on delayed
response the two cups remained in &'s field of vision during the delay
peried. T'wenty-nine correct choices after delays of five seconds were
made in thirty trials. Further training with vision interrupted during
delays of five to fifteen scconds followed. When S had reached the
desired stage of proficicacy, two sories of tests, separated by an interval
of three months, were given. Inspection of the results, presented in
table 1, indieales that & made progressively fewer corvect responses as
the length of delay increased, and that the percentage of correct re-
sponses after delays of twenty-five seconds in the first geries, and thirty
seeonds in the second, did not differ reliably from chance.

Tn addition to lower scores after longer delays, other evidences indi-
eutefl that 8 had approached the limit of its ability under conditions of
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problem boxes and testing for delayed response. Significant foatures of
these adaptations will be considered in relation to hehavieral changes
after operation.

Operation and recovery.  The animal was anesthetized with an intra-
peritoneal injeetion of sodium amytal, 0.5 ce. of 10 per cent solution per
kilogram body weight. Large hilateral bone-Naps were turned down o
cxpose the dorsal surfaces of both hemispheres.  Aller refllection of the
dura of the left hemisphere, the chief cortical markings were traced on
cellophane, and the tissue lying anterior to the arcuate sulcus and its
arbitrary extension to the midline removed in oue picce. A similar
pracedure was followed in making a symmetrical losion in the right
hemisphere. Closure was effected in the usual manner.

§ had recovered from anesthesia the following morning; it was alert,
and voealized and gestured ss usual.  There was no motor defieit and
o evidence of asymmetry. On the second day edema over the tem-
poral muscles and sealp develeped and persisted for five days although
& remained alert and active, TTealing of the wound was satisfactory and
physical condition excelient.

Posture, motor power and forced grasping, Bilateral destruction of
the frontal areas produced no permanent alteration of posture and no
deficit in motor power in any cxlremity. Al no time wasthere cvidence
of forced grasping and groping.

gpontaneous activity, 3 exhibited great inercase in spontanecus
motor activily with rather constanl restlessness, interrupted by periods
of little or no activity under reduced external stimulation as described
clsewhere (25). This heightened activity persisted until termination of
the cxperiment nine months later. With angmentation of motor ac-
tivity, there was an increase in quantity of food ingested, although basal
metabolic rate was no higher than that of normal moukeys (8).

Postoperative tests. Retention tesls of problem box habits and of
delayed response were undertaken ten days after bilateral removal of
{he frontal nreas, and were repeated from timo to time during the fol-
lowing nine months,

Problem boxes, Rope box. The typical solution of this problem
consisted of picking up the rope with either the right or left hand, plae-
ing it in the mouth and pulling the rope by moving the body away from
thebox. The lid was then raised with the right or lef¢ hand.  Time re-
quired ravely exceeded two seconds, On the first postoperative tests, B
showed the smme charasteristic pattern of behavior, and there wag no
indication of impairment cither in increased time or in fumbling with
the lateh.
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26 CFJACOBSEN . these tests. On longer delays it freqncmt]y faiied 1o make a ehoige or

o did so only after being coaxed, althougl it eontinued tg respong readily
on the fentj day after Gpecation, at whic, time the animal wyg alert, aftm'jutcrspersed shorter delays, Expressions of rage beeame freqrient
active ung eager for foad, and haq alroady suceessfully manipulated he L with longer deuys, Hnwr:ver, vacillation between “UPE rarely aeorrpeq
simplor problem  boxes, 8 showed good sulapajon to the genepgl “ on cither shor g long delays; ithe animal woet directly ¢, ong of the
features of the delayed response situation, i, sought food under the “Cups regardless of the Gorrectioss of its ghojeg, Tt s significany, o nole,
CUBS, wnd shifted frop, reaction 1o oy Compartinenty ubon cormman. Y n view of the bostoperative restlessness, thnt bodily orientation op
As i the Dreoperative Lraining, the jnjtjaq triuls were 1ng e with ouiy ¥
the griflg door, thyy permitiing the animal ¢ maintain jtg visual orien .- .-?3: TABLE |
Hon towargd the test ehjeets unti] the time of response. Ungep thosa o Sunbmary o/ prevperative tests on delayed response Showing nimpey af trivds, pep peny
vonditions, twengy-fouy toreect choiees wore made in forty trials—-g0 per : . of correct choices, ang rebiabitity of 1, difference botweey, eblatned vaiues

and the assumed chaneg value of 5o per cent

cent necurney iy, contrast to 97 nor Cent correet reg honses in the initia]
> ! ! Delgy Periods between five and forty seconds,  (Fronty) 1)

period of ghe Preoperative training, In (e firsg twenty trigls orrors
Were made (o bogh the right ang {eft; in the last, twenly, a marked right

AT IN 8ROONDS

preferenee Dredominage . Althougl, § apparently ywatoh g closely 0 f ?;_f 4 J 55
while the cupys ey loaded, it vacillated hotwoen, the test ohjecty when ool L ST e Iy
- P . . relimingry training i
making its chojog iy contrast to the Previonsly direet, approach regardlogs — e T e ; :
af the correctness of {)e choice, Thg grille door way then eliminaged Numbor of tringg. | [ 20 ’50 } | I If ! !
. * v 3, g 1,
and 8 wus vestrain g m the delyy Compartment by g light rope attanle lff_‘fii‘ff” o _m,)‘.___,_ﬁi_w. Ao
to ite eoifar. As the CUps were loaded § was released and g walked Fivst series
without intereuption or disturbance toward the s Under thege N T R —ﬁrl¥ e -
o T . . o H e 1 I K ! i
conditions 8 wag gipe, bwenty-cight Opportunities, It responded cop- o Nuwber of wriats, T oo | se [ ! 0 {40
i e . o Per eppt torrect. a6 90 | g1 | 70 63 -
rectly on 84 pop tent of the trigls, The average time betyweey coneegl- Dift /4 } 5 6.1l ar fl 2y ; .
) . 5 P . . :
nent of the fogq and choies weg slightly more than three seconds, — e Sy Wit — .
]_"nllowing the sixth ang sixteenth trials, ten trials under the usual con- Secoud geries i ;
ditiuns—»grille door in yge- resnlt':cd in oniy eight corret choices in Nu;;);;;mnai ........... i s 2w |4 60 leg | 0
twenty fiiuls althougl thy delay did not exceed by morg gy two sec- Per cent vorrer. | 98 L0 g5 [ gg 70 53

onds the delays introdueed by the animaf in making jtg choiee in (he

DIfffay,,

absence of the grille door, Puring these trials motivation was good,  The ':pmu_d’;fmliw varind él}gﬁﬂ_ﬂaﬂﬁlrmho amotheg ,;EEE.TJ?; !
' i d q ' . - . - e i il
and 8 uppeared to he meking an effort, 1o select the Correet eup, Indicatod ug ton Seuonds were not Jugy than ten nor more than fifteop sceonds jn }

Training wyg discontinpeq until the sovengi, week !‘Ollowing eperation
when additiong] trinls, ton perday with greater amounty of food, yieldid
no better resyig: & chance goqrp af 50 per cong in fifty trinlg with only
the grille door in use ang 45 Per cont in twenty irials with both doors
lowaored during delay.

Again ag fourteen weeks ang gt ning months, efforty Were made {o
tost and trody, the animal by over 120 tripls Yielded reguits essentially
the same oy those recorded shove, At g1, ehd of nine months, 8 wag
subjected o o second operation invo]ving destruetion of the premotar
arcas.  Jis subsequent history will be reported in relution g, studies of
this arey.

Verdfication of lesions. Exzmination of the brain 5, st at lytep

length, 4 similar renge of five secondy applies to the pihey ideryalg,

constant position iy the cage was 1ot ossentigl to S's pcrformnnce, and
thag during the delay poriog it r‘rnqucany watked ang climbeqg about
the enge, It wasnot unusual for § ¢ ohseryve baiting of 4 cup by locking
OVer its shouldey while facing the baek of the cage png yet make ity
choico correctly after turning around soversf timeg during the delay,
Activity per se did not digtyr), the animal,

Bilaterai extirpation of {he Irontal areqs profoundiy modified adjnst.
ments to the delayed Tesponse test, Iixamination wis firat undertaken
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Operation and recovery. Under sodium amytal anesthesia, supple-
mented by ether, a large left-sided bone-fap was turned down, exposing
a highly convoluted cortex. The dura was reflected, and the chief
markings traced on ccllophane.  The extirpation was carried out with
the Davis-Bovie clectro-surgical wnit by first coagulating the veins
leading to the sinus and by placing a silver clip on the branch of the
anterior cercbral artery supplying the block of tissue to he removed.
he arcuate suleus was then ineised, and the incision carried dircctly to

TABLF 2

Summary of preeperative and tnleroperativg tests on delayed response showing number
of trials, per cent of correct choices, and velinbility of the difference belween
obtained values ¢nd the assumed chance value of 60 per cent

Telay periods between ten and one hundred twenty seconds.  (Frental V)

PERIOD OF DELAY IN AECONDB
w | = S | [ w | » | 2
Preoperative tests
Number of trials............. .| 40 |30 50 60 4] 30 30
Per cent correct.......o.0 A I L1 e 0 88 il 67 53
YHIE . foasse. . cvovmevrvneameinens 50| 48[ 5.1 2.9
Interoperative tests: Firat series
Number of trials...........oo0t 60 | 40 60 G0 60 40 30
Per cent cotreet. . .o 8 |08 7 82 80 73 60
031 i R T TR 4.3 6.0l 48| 3.9 3.7
Interoperative tests: Second series
Numper of trials. . ..oo.o i 50 40 50 60 40 30
Per cent corvect.......ooiie s G5 88 88 83 T &)
DHff foans. . oo 5.9 4.0 4.7 4.0

the midline through the indentation marking the superior end of arcuate,
and thenee onto the mesiak surface to the sphenoidal ridge. The block
of tissue was removed in one piece (weight 4.5 grams in the fresh state).
In eleaning up the edge of the lesion, the areuate suleus was followed to
its depth. There was no indication of injury to the premoter ot motor
areas, nor evidence of eneroachment upon the basal ganglia, TPossibly
another balf gram of tissue was removed in cleaning up the lesion with
the sucker. Hemorrhage was slight, the field was left dry and closure

followed in the nsual manner.
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operations whenthe premotor aress were removed showed that the
cortex anterior & the arcuate sulcus on the mesial, dorsal and fronto-
lateral surfaces sf the frontal lobe had been destroyed in both hemis-
pheres, The mptor and premotor areas adjacent to the lesions were
w.eH vaseularizeq, and biopsy examination of the premotor areas did not
disclose any abmrmality.

In view of & retention of problem box habits, of the ability to re-
spox}d clorz'echlywhen no delay was introduced, and of the excellent
fnotwntlon and srientation to general {eaturcs of the training situation
it seerns evident that the fadure on the delayed response test after bi—,
laterfﬂ injury of the frontal areas represents a significant behavioral
deficit. This w:s not overcome by training in excess of that given prior
to qperation. Further, this deficiency can not be explained as a gen-
eralized dementh, but it appears to be specific to delayed response,

E:cpem'ment & Seriatim bilateral extirpolion of frontel areas.
(Frondal V)

'.l‘h'e subject  the experiment was o vigorous and active immature
white crown margabey monkey (Cercocebus torquatus) which had been
unfler ohservatisn for several months before training was undertaken.
PT]OI‘ to comingto the laboratory it had been a pet, and was unusually
friendly and wel adapted to handling. Its weight was 3000 grams.

.Preape.mtz've tratning. Preoperstive training included cxperience
w:th.vanuus puzzle bexes and extensive tests on delayed response
Detailed descriptions of problem box solutions will not be reported sincé
thesel Tesponscs were not significantly altered by injury of the frontal
assrcimgtllon areas. Similar material has been published elsowhere (25).

lra}mng in delayed response waa started with delays of five ssconds
and with only the grille door in use. In suceessive ten trials, 80, 100
100 and 90 per cent of choices were correct. . Both the grille :mdJ solici
doors were used on the next twenty trials. The porcentage of corrcet
TESPONses wis 90. It is signifieant that practically no training was
required before § responded in & manner sharply differentiated from a
ch'ance performance, This ready adaptation stands in contrast with
failure to adjust, in spite of long retraining, after bilateral injury of the
frontai. arcas. The number of (rialg, the per cent of correet choices and
the reliability of the difference between 5's scores and chance values are
presented in table 2. Within the limits of the training procedures
emlp‘lt)yed, delays in excess of one minute were beyond the range of
ability, Other significant features of behavior will be considered later,
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later removed with the sucker in cleaning the edges of the Jesion,  There
wis little hemorrhage and when the field was dry, the dura was drawn
over the eortex and closure efieeted in the vsual manner.

Tirmt and second days.  The animal was alert and active, it ate nor-
mally and exhibited its former interest in persons and events in the
laboratory. There was no evidence of forced grasping or of diminished
muotor power and skill.  No visunl defect was found. 3 watched I write
and when given the paper, traced 1l coutse of several curving lines with
itss fngers, then folded and played with the paper.

Third day. The face was odemie and slight hemi-paresis of the left
side was deleetable. 8 didnot corpect placing of the foot when it slipped
over the edge of the table and froguently walked on the dorsum of the
pand.  lemianopsia was DOw marked, but without the limitagion of
eye movements noted after the first operation, & was alert and active,
explored the laboratory and played with attendanits in the same manner
as it had done priov fo this operation.

Fourth duy. Motor power of the 1oft side was impaired and while
all Tosbs were used in walking, the left upper extremity was nok used to
manipulate food.  There was no {oread grasping, no facial paralysis and
ne deviation of the tail; eye movements were normal, but the left field
hemianopsia continued.

Kifth day. Motor symptems had nearly disappeared although the
Lhemisnopsis remained.

Fourteenth day. All evidences of motor deficit had disappeared;
motor power was equal on both sides, and finely adjusted movements
were secomplished with case and skill. "The hemianoptic condition had
not changed. .

Sixteenth day. The sealp was badly lacernted and superficially
iufected in o fight with another monkey. The nourological picture was
unchanged.

Fifth week.  The sealp wound was healing glowly and since the hemi-
anopsia had clearcd up, the animal was lested on problem boxes and
delayed response. Tt was ravenously Ingry and extraordinarily active,
although witheut change in the pasal metabolic rate (8).  The neuro-
logical condition of the subjeet continued without change until the pre-
motor arce of the right lhemisphere was removed at 4 thivd operation.

Puostuperalive lesls. Although the exeision of one frontal rrea had not
altered the subjeet’s responses Lo delayed yeaction tests, removal of the
frontal nrea of the other hemisphere resutted in behavioral disturbances
similar to those obsevved after simullancons bilaterad extivpation (ox-
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By late afternoon, § took water and anched bananas,  There wis no
foreed grasping, although slight motor deficit in the right upper ex-
tremily wus evident when 8 atlempied to manipulate food. Running
and climbing movemenis were gymnetrical and meotlor power wis
normal.

st day. Motor power was definitely impaired in fingers ond
wrists, but without cvidence of forced grasping. ‘The eycs were deviated
{a e Tight and did not rotate beyond the midiine in following moving
objects. B walked in cireles toward the left, apparently due to an
hemianoptic defeet. There was no infeetion or edema. .

Tourth day. Recovery was excellent.  Motor power was returning
and the eyes, while still deviated to the lefl, could now be moved Lo the
right limil af nostnal excursion. There was no foreed grasping.

Tenth day. Motor power was equal in both extremities, although
thare was preferentisl use of the left hand for finely adjusted skilled move-
ments.  There was no hemianopsia and cye movements were normal.

Tiftcenth day. S appeared quite pormal in the use of the extromitics,
and there was no indieation of visual defeet. Retention tests on the
problemn boxes and delnyed response were made at this time.

Interoperative tests. & was tested on problem hoxes when recovery of
motor power and performance scemed stationary (sixbeenth day).
There was no impairment of Tesponses to these tests,  Of, experiment 1,
this paper, and (25).

The results of two series of tests, ihe first given three to fout weeks
and the second six months after operation, are summarized in tuble 2.
Perusal of these data indicates that removal of the left frontal arca had
not impaired &' capueity for delayed response. In ench series of tests,
ag in the preoperative tests, g failed when the delay exceeded sixty sec-
onds in duration.  These results stand in sharp conlrast with those

obtained afier the lesion was made Bilateral by extirpation of the other
frontal area.

Second operation.  Under sodium amytal anesthesia, supplemented
with ether, alarge right-sided Lone-flap was tumed bacl. A hony defect
was noted at the lower anterlor margin of the flap, nssociated with a
defeet in the durs, and an old, yellow gliosis of the corbex which evi-
dently had been infected at one time. After congulution of veins, an
incisicn was made along the arcuate sulcus and exten dod over the miesial
gurfnce. The wltimate disscetion was made with blunt spatulas, carc
being exercised 1o pvoid the caudate aucleus. The welght of the excised

tissue wes 3.0 groms in the fresh state. A small amount of tisgsue was
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TABLE 3

Suwmmary of postoperalive lests on delayed response and iratning on visual
discriminotion. (Frontal V)

; . ; . i NUMPER oF | TDRUENT
TEST STTUATION TIME AFTER 3ECOND OPERATION PRIALS ((:\\;'l(ljf;(?g:
Delayed rtesponse  (grille Tifth and sixth weeks 80 50
only} .
Fourth moth 30 *
8 om. while square vs. biack Fifth month 1-10 50
11-20 70t
21-30 80
3140 G0
41-65 04
6696 1001
Delayed response} {griile Tifth month 20 a5
unly)
2 ¢m. white square vs. black Fifth month 10 80
8 vs. 2 cm. white square 10 90
16 v8. 8 10 iH
12 vy, 2 10 90
12 va. 4 19 80
3 training trials 8 va. 2 em. ¥ifth menth 35 86
square
Test trinls
16 ve. 12 10 By
16 va. 4 10 104
12 vs. 4 1 ‘90
Delayed responsef (grille Tifth month 0 47
only)

* Less than A0 per cent; position preference marked.

1 ‘I'he subjeot resehed a eriterion of 80 per cent correct in 30 trials after the
fourteentl trial; of 100 per cent after the sixty-fifth trial,

1 Several teat series of ten trials on8 em. white squars versus black snd 8 veraus
2 em. while sguares were interpolated between successive ten trials on delayed
response. Ib each instance the per cent of correct ehoices way ninety or better
on the diserimination testa.

and for interspersed tests on delayed response (grille door only in use}
are summarized in table 3. Prior to training in diserimination of an
% cm. white square versus black, $ had been given 110 trials on de-
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periment 1), The first tests on delayed response were carried out during
the fifth and sixth weeks. Motor and sensory disturbunces had cutirely
eleared, and 8 was alert and well oriented to the problem situation, It
had previously shown execllent refention when tested on the several
problem boxes.

As in the preoperative training, the testing was started with only
the grille deor in use, thus permitting 8 to maintain its visual orientation
toward the test objects. Im eighty trials, distributed over five days
(table 3), 8 made 51 per cent of correct choices, in contrast with 93 per
cent in the first forly trisls of preoperalive training. In these tests B
was well molivated, apparently observed the loading of the cups, and
showed no sustained position preference from one day to the next.
Increasing the amount of food per trial and reducing the number of
trials per day did not improve its performance. Duxing the delay period
and between trials 8 showed no greater activity than hefore operation,
but it did exhibit a different type of activity., . The spontancous playful
jumping, climbing, and chattering were to o degreo replaced by the
stercotyped pattern of repeatedly pacing around the cage. On the
other hand, 8 continucd to explore and take to pieces any movable
parts of the apparatus and to collect nails, fruit seeds, pieces of string and
other miscellanecus objects that it found when free in the room.

Training on debayed rcsponse was again undertaken during the six-
teenth weels,  In thirty trials, 8 showed no evidence of improvement
and exhibited a pronounced position preference for the right cup. It ap-
parently watched closely the loading of the cups, and on ten test 1rials
without delay,—i.e., with the grille and cpaque doors Taised and & per-
mitted to approach the cups as the food wag being concealed—il re-
sponded correctly each time.  However, under the same conditions, the
introduction of distractions such as talking to S or snapping one’s fingers
while it advanced foward the cups gave scores no higher than ehance
values,

In order to establish adequately that failure in the delayod response
situalion was not due to inability to attend and respond to spatially
separated stimuli, training on visual diserimination was undertaken.
The apparatus and trainihg procedure are described in the section on
methods; for purposes of comparisen with the delayed response, it is of
interest to note that the paticrns to be diseriminated were separated by
the same distence as tho cups in the delayed response test, and that in
certain discriminations it was necessaxy for 8 to compare the twoe stimuli
before making its choice. The dala for visual diserimination training

e
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acquisition. Fxtirpation of the second premotor area caused eomplete
loss of probler. box habils and [ailure, within the limits of training, to
reacquire these responses, Further details of these observations wiil
be presenied in & separate report.

Verification of lesions. Lixamination of the brain in sitie at the third
and fourth operations showed that the eortex antetior to the arcuale
suleus on the mesial, dorsal, and orbital surfaces of the frontal lobe had
been destroyed in both hemispheres. Biopsy cxamination of the pre-

T, 5. CaMERA DRAWING OF THE BRAIN (EXPERIMENY 2), SUPPIHMENTED PROM
CELLOPHANE TRACINGS MADE AT OPERATION, SHOWING THR Lorus AN BxTEND
of THE EXPERIMANTAU LESIONS OF THE FRONTAL Anuas (HEAVY STIPPLING)
AND AN OLDER INJURY AND ScAR Fomuarion (Lient STIrELING)

The electrically excitable regions for leg, arm, and face are indicated. X1

motor areas indicated normal appearing tissues. The Joci and extent
of the several lesions arc represented diagrammatically in figure 3.

Eaperiment 8. Sublotal exbirpation of the frontal areas. (Fronfal IX)?

The subject of the experiment which invelved extivpation of the lelt
frontal area and several months later partial excision of the right, was an
immature male baboon {Papio papio}, Its weight was 6000 grams.

Preoperative training.  Tn view of the disturbance of delayed responsc

s The cffects of subtotal lesions are not ndeguately treated in this experiment.
In cotperation with Prs. Taslerud and Taylor the writer is studying n series of
animals with sublotal, bilaterally symmetrical lesions,

|
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layed response with less than fifty per cenlb of suceesses, By the four-
teenth trial on the visual discrimination problem 8 reached o criterion af
80 per cent corrcet in thirty trials and of 100 per cent by the sixty-Hfth
trial. Leaming of the problem to the 80 per cend criterion was abouf the
same as that of two normal animals; to the 100 per cent eriterion, it was
slower and suggests that distractibilily may have been greater alter
frontal injury. Men trials on delayed response, 30 per cent correct,
ten trials on 8 cm. square versus black, 100 per cent correel, and ten
trisls on delayed response, 40 per cenb eorrect, followed, On delayed
response there was a strong left preference that was not detectable
during the discrimination tests.

In order, ten érials on discrimination of 2 cm. white square versus
blacl, 8 versus 2 em. white square, 16 versus 8, 12 versus 2, and 12 versus
4 with scores betber than 80 per cent in cach ten trials were given. In
the next serics of tests, three {rials on 8 versus 2 em. white square wore
followed by one irial on cach of three pairs-—16 versus 12, 12 versus 4,
16 versus 4—presented in an irregular sequence.  Seventy additional
{rials on delayed responsc gave bub chance scores. The Ligh percentage
of correct responses and the frequent comparison of stimuli before choice
indicate that 8 was ble to attend and respond differentially Lo spatially
separated stimuli, Retention tests on the various problem hoxes were
repented at the completion of the visual discrimination and delayed re-
sponse tests (five months after operation). They revealed no impair-
ment of either memory or motor skill,

The deficit following bilateral extirpation of the frontal aroas, serinlim,
is nob indicative of a general dementia, but points to failure which is
specific to cortain aspects of behavior. Thus, 8 was able to atiend and
respond with a high degree of success in situations in which the dif-
ferential eues were present in the sensory world (visusl diserimination,
simple problem boxes, and in the delayed response situntion when the
response was wmade without interposition of delay) bul it failed in those
situations in which the differential cues could opexate only through re-
tention and reeall from earlier experience (delayed response and certnin
aspechs of serial problem boxes).

Subsequent history. Al the completion of the above tests, the animal
was subjected to two operalions at which the left and right premotor
avens were successively removed. There was no change of status with
respeet to delayed response. Following cxtirpation of the left pre-
motor area, there was sevious impajrment of memery for the several
problem hox habits. Relearning requircd slightly longer than inigiak
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TABLL 4
Sumwmary of pre-, inter-, and poestoperalive lests on .dr.‘!(l'l_[{’ed responae, slm‘wiug
number of irials, per cenl of correct choices, und refinbility of the difference
between the oblwined values and the assumed chanee value of 50 per cent
Delay periods hetween five and one hundred cighty seconda,  {Frontal IX)

PERIOU GF DELAY IN BECONDE

3_[10|lﬁlzulan;u[cafoa!milac

Preliminary training (grille only)

H !
Number of trials....... 2 | 10 0] 10 | w0 | 10
Ter gent correct. ... 80 | oo 100 | 100 1100

Precperative teats

_— ! T 7 | an | an !
Number of trinls. .. ... 3t I 30 130 |30 1(3] | A:‘.g
Per cent correct. ... .. a6 i 97 (90 |80 T 5

E 5 |
DA foaier . oo | 7.dl i 15.2] 7‘3| 4.1 3.3l
Interoperative testa
Number of triala. . ... : 30 10 |50 f50 |40 | 40 ég
Per cent correct. ... ... L o7 87 | 88 o 83 82 3[ 7§ R
Difffogpre i ot 15.2 | 7.9 8.3I 3.3‘ . ;

Postoperative tests

1.\‘Iu-n‘Lu,-r of trisly, ... ..[ 45 l 10 i 25 | Two weeks after second aperation
Per cent correct .. .f 82 160 | 48 | Grille door oniy

Number of triuls. . ...} 60 Three months after second operntion
Por eent correet, ..., i) Grille door only

Number of trinls. .. .| 4 35 } 20 ! Three months after second operation

5
63 | 60 | 50 | Grille and solid doors

Per cent correct

Number of triely, ... ] 40 [ 40 | 40 | Seven months after second operation
Per cent correct ... .. 75 U157 | 55 ! Grille and solid doors
Number of trials. . ....! 80 As above
Por cent correct. .. ... 81
Number of trials. .....| 10 | 10 ! 10 | Test trials after eighty training trials
Per cent correct. ... .. 70 | 60 | 50 ut five second delays

f trials. . 70 . ) ‘
g;:";l;ii :):nr:ect.. . 53 | Total of all trials in which grilie and
Diff. foanese oot d 5 ¢ 51 solid doors were used ~

et
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shown in experiments 1 ang 2, it scemed desiable to detennine more
carefully 8's ability to delay with enly the grille door in use as wel] as
with the solid door.  Fhe results of precperative training are presented
intable 4. Ttis evident that with enly the grille door in use 8 respoiuded
successfully after delays of at least two minutes, The first series of
tests with the solid door in use showed hetier than chance scores with
delays up to ninety seconds,

Operation and recovery.  Under sodium amytal imesthesia a left bone-
flap was elevated, the dura reflected, and the cortex mapped on cello-
phane.  Extirpation of the jefg frontal area was effected by making an
incision slightly anterior to the nreuate suleus in order 1o aveid <listurb-
ing a vein which drained the motor and premotor arens,  The incision
was then extended to the mid-lne and to the lateral and orldtal surfaecs
by means of spatulas, The excised tissue weighed 6.7 grams and in
addition one or two grams of tissue were removed with the sucker.
Closure was completed in the usuaj nmanner,

Recovery was uneventfub; there was no disturbance of either motor
power or skill, and ne indication of hemianopsia.  Retention tests were
begun three wecks after operution.

Interoperative tests, Twenty preliminary trinls with only the griile
door ir use resuited in 90 per cent correet choives after delays of five see-
onds.  The results of the regular serics nve summarized in table 4. It is
clear that exeision of the left fronta) areas produced no impairient of
capacity for delayed response,

Second operation. A right. bone-flap was prepared and after making
a cellophane tracing, the frontal sreas were ineised with the Davis-Bovie
unit about 1 em. anterior to the arcuate suleus.  Phe incision was then
carried downward by menns of spatulas and the anterior portion of the
irontal area removed in ong piece (weight 4.5 grams).  Closure was
effected in the usnal wny.

There was no evidenee of sensory or motor defieit at any lime after
the operation.  The animal was alert and active, and explored olijects
and persons with its usual energy.

Postoperative tests.  Rentention tests were undertaken between the
tenth and fficenth days after operation. The resulls, summarized in
teble 4 indicate serious impairment of eapacity for delnyed response,
Thus 8 made scores significantly better than chance with anly the grille
door in use after delays of five sceends, but it failod when the delay
teriod excecded this value, In twenty trials with both solid and grille
doors in use, § made 45 Ber eent correct choices after five 1o ten seeonds
of delay.

P
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to cxplore the eficets of subtolal lesions, it Was decided to saerifice pre-
cise knowledge of the secont jesion i order to determine whelher
capacity for delayed Tesponst would be destroyed if the lesion of the
[rental area was (nnde bilaterally complete. During the six weeks thal 8
survived after this pperation, there was 10 indication that it was able to
respond in better than o chance manner to the deluyed response Lests.
Death oceurred from pHELMonid Before completion of these tests.

Verification of lesions. 'The approximate boundaries of the lesions
are shown in figure 4. In thelefb hemisphere the legtan involved atl of
the [rontal aren exeept it few millimeters of Lissue anterior to the inferior
Limh of arcuste aulens (eye-fields). The lesion in the right hemisplhere
was luss oxbensive and involved chiefly the frontal pole. A band of tissue
ahout one centimeter wide and lying anterior to the arcuste suleus, was
found to be normab at biopsy examination after the thivd operaiion.
The posterior limits of the lesion, a8 indicated in figure 4, are estimated
from cellophane jracings and autopsy examination.

Experiment 4. Seriatim bilaferal cxtirpation of the parielal region.
(I'ronial VI

The subject of the experiment was &l jmmature male mangabey mon-
key {Cereoschus torquatus) which had been mder observation for sev-
eral months before training was begun. 1ts weight was 4100 grams.

Preoperetive lrazning. Preoperative training included gxperience with
various problem boxes, visoal discrimination, and delayed responsc.
Significant features of the results will be considered in relation to post-
operative performances. .

Operation, Under sodium amytal ancsthesia, a large leit bone-flap
was honed down, the durn reflected and the chief markings trnced on
collophanc. The lesion was made with the Davis-Bovie knife by
coagnlinting the veins druining the aren to be extirpated and then incising
the margins of the lesion. The tissuc between the intraparictal and the
pnrietn—ocoipitul anlei was removesd; the porbion of the parictal ass0cia-
tion area lying on the mesial surface was not included in the cxtirpation.
Closure was effected in Lhe wsual mannet.

Tirst day. 5 was alert and active, but it showed evidence of sensory
defieit.  The right arm and leg were extended and were nos corrected for
sbnormality of posture; walking was sceomplished with a wide base onl
Lhe affected side. [here was turning and rotalion on the longitudinal
nxis, and 8 delinitely sought conlact with the walls of the cage o some
object in the roomnt. Pinching the doysum of the foot clicited B vigorous

e T
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Testing was deferred until the twollth week to permit furgher ve-
covery. At ihat time & made 75 per cent correel choices afler delays of
five sceonds with only the grille door in nse. With both grilte and solid
doors in wse performance was but slightly better than 50 per eent alter
delays of five, ten and fiteen seeonds,  Seven months after operation,
forty rinls with delays of five, ten and fifteen seconds indicated somne
sueeess after delays of five sceonds but failure when the delay exceeded
this value,  Ioighty iraining triats (five second delays) were then given

Fia. 4, UAMB:{A']‘)HAWING oF mHE BRAIN (EXVERIMENT 1), Burp1 EMBNTED FROM
CrLLoruant TracINas MapE AT OPERATION, SHOWING TNE APPROXIMATE
TBOUNDARIES OF THE Tasione, X1

with & score of 81 per cent correct. However, performaunce after delays
of ten and fifteen seconds had not hecn improved by this fraining.
Summarizing all posboperative trinte on which tho grille and opaque
doors were used it 19 noted that the percentage of correct choices aiter
delays of five seconds was distinctiy above chanse expectations,  On the
athor hand when delays exceeded this value, ACCUTsCY was not reliably
better than chance,

Third operabion. Since the primary purpost of this cxperiment was

R,
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TADLE 6

Summary of trointng end postoperative testing on visuwal discrimination.
{Prontal VIII)

TEBT 8]TUATION | NTMAER OF TRIALS FEN CHNT CORHECT CHOICER

Preoperative tesis

8 em. white square vs. black 1-1¢ 50
11-20 20
21-30 60
3140 80
41-50 80
a1-60 160
61-70 Ll
71-100 i)

3 truining trials
8 vs. 2 cm. white square 66 94

Test trials

16 vs. 12 20 75
10 vs. 4 20 40
12 vs, 4 20 90

Interoperative tests

8 emn. white square vs. black 30 97

Postoperative tests

8 em1. white square vs. black 36 100
Various*
8vs, 2 5
4 vs, 2 5 }gg
12 ve, 4 5 100
16 vs. 8 5 100
12 vs, 8 ;S 100
15 va, 12 5 80
Bvs, 4 & 100
12 vs. 8 o 100
16 va. 12 - 10 5 i
Sva. 4 & 103
12vs, 8 10 90

Tl)[z vm‘in.us pairs of x.atimuli were presented in groups of five trinls, Iach
succef!(hl}g pair fellowed immediatcly upon completion of the preceding teat.
Fhe line indicates a break of twenty-four hours,
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response after a delay of one or two seconds. Tight stroking of the skin
or pulling the hair failed to evolee a reaction until 8 saw iis hand being
held by the experimenter, after which it quickly withdrew ils hand.
There was complete hemianepsia of the right visual field. The pupile
were crual and extraoptic movements were normal,

Fourth day. & corrected abnormal positions more readily and
seemed more Tesponsive to light toueh although the reactions continued
to be slower than on the side homolateral ko the lesion. Hemianopsia
remained unchanged.

. TABLE &
Summary of preoperative, inleroperative and postoperative lests on delayed response

showing the number of trials, per cent of correct choices, and reliability of the
difference between oblatned values and the assumed chance value of 60 per cent

Mielny periods between fifteen and one hundred fwenty seconds.  (Frontul VITI)

FERIOD OF DELAY IN BECONDE

15130|45|00190!1m

Preoperative iesta

Number of trinls.............00s 115 60 80 80 60
Per eent correct. . Lol 82 87 76 70 60
THIE /ot e i, 7.9 5.8 3.5 2.6

Interoperative teats

MNumber of trisls,...... ...| 80 30 40 40 30
Per cent correot. . | 97 87 o0 80 50
DA fogier. oo 5.0 3.4 4.3 2.9

Postoperative tests
Number of drials...........0... . 40 40 30 0 30 20
Per cent correet. .. L] 83 25 83 02 73 60
L 3 YT T ST 4.4 3.8 2.9 4.1

Tenth day. The extremitics were used well in climbing, and the dis-
turbanees of motor performance that could be detected appeared to be
of sensory origin, Hemianopsia was complete to the midiine; threaten-
ing or the offer of food in the blind field clicited no reaction,

Tour weeks. The extremities were used with a considerable skill for
walking aund for finer manipulations alihough the left hand was pre-
forred whenever possible, Sensory symptoms had largely abated, the
right field hemianopsia had eleared up and 8 scemed ready for retention
Lests,
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placed in ifs hand, although it had nol heen able to grasp the sugar lump
initially with that hand. Tt was still ataxic, bus walked and climbed
quickly and aceurately. No difference in touch or pain could be de-
tected hetween the twao sides.

Two months, 8 showed marked improvement iz metor performance
although there was still some inaccuracy in exceuting finer movements
of the fingers., Walking and feeding were accomplished without diffi-
culty. Thero was siill some evidence of disarticulation of visual and
kinesthetic spaec as seen in the past peinting when reaching for food,

Fra. Bb. Camera Dnawing oF t4B Braiy ar Avroesy (Exreridews 4)

SUPPLEMENTED FrROM CRLLOPIANE TRacives Mape ar TiME o¥
QEERATION

The boundaries of the lesions were verified from higtological examination,

and in the tendency to bump into objeots, c.g., table legs or the parti-
tions in the training eage. This defect was noi readily attributable to
visual defeet per s since the seeuracy of visual digeriminations hadnot
been impaired by thesc lesions.

Postoperative fests, TPerformanee on problem boxes was slower and
more clumsy than it had been in the preoperative training period. The
defecls noted wera of a sensory nature, and there was no supgestion of
impairment of the paltern of response as has been noted after lesions of
the premotor areas (26). Inspeetion of table 5 clearly indicates Lhat the
]rilaternl extirpation of the parictal association area had nob impaired the
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Inleroperative fests.  'Uhe motor performance had not been greatly k-
paired by the parictal lesion, and such changes as were necessitated by
the right hand preference were readily made.  The results of the inter-
operative tests of delayed responsc are sumunarized in table 5. I is
evident that unilageral injury Lo the parictal association area had not
significantly altered the level of performanee.  The interoperative tests
on visusl diserimination are summarized in table 6, ISxcellent reten-
tion of black-white discrimination is indicated; size was nob tested,
The speed with which the snbject reacted was eonsistently slower than
in the preoperative iraining. Change in time of reaclion was not
noted on the delayed response tests.

Secord operation. The procedure deseribed for the first operation
was followed in making a lesion in the right parictal region.

Tirst day. 8 was in good condilion although quiet. There was pro-
nounced ataxia of the extremitics of the left side, and 8 failed to correct
phnormal postures of the limbs.  Ataxia was also present on the right
gide hub in lesser degree. Small objects coutd be grasped and the
animal fed itsclf, but only with guidsuce of visual cues. Touch was
seriousty kmpaired on the left but it appeared normal on the right side.
A pronounced lefe-ficld hemianopsia was present; vision in the right field
was good.

Second day. Sensory deficit was great; § was ataxie and failed to
correct abnormal postures. Two or three attempts were olten made
hefore suceess in grasping bits of food, and 8 was guided by visualrather
than by kinesthetic cues. If 8's atbention was distracted in the midst
of reaching for an object, its hand went wide of the mmk by several
centimeters, gencrally with ihe fingers hyperextended. At times 3
dropped the food but compleied the movement to the mouth apparently
unaware that the food had been lost. Iemianopsia persisted and the
anima} furned constantly to the right.

Third day, There was no significant change from the preeeding day.

Seventh day. 9 stood and walked adequately. Tt was still ataxic
and movements scemed to be guided by visual cues.  Rather unsuccess-
ful attenpts were made to manipulate food with the left hand. Tactile
sensilivity on the left had greaily improved.

Two weeks. Past pointing to the right continued when 8 grasped
for food, and as before, visual ecues were predominant in regulating di-
rected movements. ‘Lhe hemianopsia had disappeared and the motor
performance, apart from sensory defieit, was improved. 8 tranaferred
& sugar lump to its mowth with the left hand aflter the pieee had been
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“delaved response or, at best, made inferior performances u1.1d.er
sim;ﬂiﬁed e};nditions. However, b)_z the seventh monlthdS ltL}-l
sponded correctly after delays of five secqnds bui failed w1 .
longer deluys. Comparison with preoperative performance zm‘
with tests afier the extirpation of one frontal area (delays were

i eri i fier
tv seconds) shows profound deterioration a
o tretion. ) Tt should be noted,

partial destruction of the second frontal arca. .

however, that this partial lesion did not completely abolish capac-

\
0 ¥ e ADLATIONS ON
.HEMATIC SUMMARY OF TIE FFPECTS OF CORTICAL
Tao. 6. Bommiay ClarACITY For DELAYED RuspONsH
Extirpation of th b tral convoll
i 1 jobes (203 and motor-premotor areas {30)—cnus i ir-
:';100;?. é?}a’.l:\?:?;o m:f\‘hlat.ims of the siippled s[l.'reta was (ol}awictlsb‘{ ﬁ;r;nrggﬁrig ;{2}::1&
ity for delayed response. Laier experime 1 l
lt\.llleenftrgrflt(iﬁ];igle Indicate that the essential region for delaycd response 18 rostricted
to n small arca shout the frontal sulens.

ity for delayed response but reduced the length of the delay
pe?{(::t;ntion and execution of two other problern soluti(lmsf visnal
discrimination and simple puzzle hoxes—were not significantly
altered by either unilateral or bilateral. ablation of the frmlltal‘
aveas. (See an earlier and more extensive report by the writer
(25) in addition to the present observatlor_ls.)

Other corbical areas. Tn order to establish dependency of de-

e i
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performance on the delayed response tests cither in aceuracy or in
length of delay. If one were 1o ascribe any difference Lo the saveral
performances, he would be forced to conclude that the subject had im-
proved after bilateral extirpalion of the parietal association areas. The
results of the postoperative tests of visual diserimination are presented in
able 6. Inspection shows no significant change in the aceuracy of dis-
erimination after bilateral injury of the parietal association areas, The
glowness of reaction in the visual tesls, noted after the first operation,
was also observed in these tests. It was the only signifieant change re-
vealed by any of the acveral tests used in thesc experiments. .

Verification of lesions. The extent and lool of the lesions are indi-
cated in figure 5, Examinstion of the brain showed that the cortical
tissue between the pariclo-oceipital suleus and the interparietal suleus
had been destroyed with the cxeeption of & band, a few millimeters wide,
on the anterior surface of the paricto-oceipital fissure. Thoe Jower
houndary extended from the end of the pariclo-occipital fissure to the
lower limit of the interparictal and thus included the upper part of the
first and second tempoh&gyri. The antetior limit was formed by the
lower part of the interparidtal suleus as far as the point whore this sulcus
fiexes caudally; from this point the lesion extended to the mid-line. The
mesial aspeets of the hemispheres were not involved.

DIBCUSBION
Summary of results

The results of the several experiments are summsrized graphi-
cally in figure 6. DBrief recapitulation of the findings will be given.

Frondol association areas. Unilateral extirpation of the frontal
association area resulted in no impairment of delayed response
as indicated by cither lengih of detay or accuracy of performance
(experiments 2 and 3}, However, when the lesions wore extended
to inelude the frontal areas of both hemispheres, total and per-
manent loss of capacity for delayed response ensued. This oe-
curred when the frontal aroas were removed simultaneously
(experiment 1) and seriafim (experiment 2).

In experment 3, the left frontal area was removed completely
without interfering with capacity for delayed response, and at a
later time the anterior half of the right frontal area was ablated.
For several months following the second operation, S failed on
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be given. (@) The fronfal asscciation areas do mediate « type of

behavioral adaptation which the erganism {s incapable of exhibiling <

in the absence of this region. Destruction of the frontal areas is
followed by failurc to adjust to the delayed response tests. Com-
plete bilateral destruction does not merely lower the efficiency of
performance but totally abolishes capacily for such behavior:
Ifurthermore, this loss, within the limits of postoperative training
employed in these cxperiments, is a permanent deficit. In a
serics of related studies on the delayed alternation problem (Jacob-
sen and Nissen, 31) as many as two thousand postoperative trials
have been given without indication that the subjeets profited from
such experience, The conclusion seems justified that destruction
of the frontat arcas is followed by profound and permanent dete-
rioration of certain types of behavioral adaptation. (b} This con-
{ribution is peculiar lo the frontal areas; similar behavioral deficils

do not follow equully extensive injuries tn other parts of the corlex, ™

Extensive injury in other regions causes no deterioration of
delayed response eapacity. The deficit which follows frontal
injury is specifie to lesions of these areas. Anatomical and fune-
tional speeialization of the motor and sensory projection systems
in the primate brain has in the past been cleaxly recognized. The
significance of the present experiments lies in the demonsiration
that not all parts of the cerebral cortex in primates are func-
tionally oquivalent at more complex levels of organization, but
that here also there is specialization within restricted regions. In
this respect our resuits are in agreement with Poliak’s anatomical
findings and deductions, e writes:

... the present investigation points to a division of the cerchral
cortex into receptor fields and intercalated or associntion areas or regions,
approaching in this respect the conception of Flechsig, supported by
Hensehen and a number of other neurologists, although their conceptions
must, be modified somewhat. There is another related question which
must, however, be settled by physiologiesl cxperiments and by elinieal
studics, Are the projection areas te be regarded exclusively as ‘gate-
ways' of the cerebral cortex for incoming impulses, comparable to the
switchboard of a telephone station, as claimed by Jlechsig and ITen-
schen, or, do they patticipate likewise in higher integrative processes, as
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layed response upon the frontal association areas, it is nccessary
to show that extensive ablations in other cortical regions cause
no deterioration of this ability. Results will be sumumnarized for
experiments treating the parictal, posteentral, temporal and pre-
central regions.*

Unilateral, and lator biluteral, extirpation of the parielal areas
cansed no alieration in either aceuracy or level of performance on
delayed response (expeviment 4), Jacobsen and Elder (29) have
reported that neither unilateral nor bilateral extirpation of the
temporal lobes influenced level or accuraey of performance on
delayed response.  The effect of removing the posteentral convolu-
tions has been studied by DBrestow, Bamrare and Warden (3).
They report no deterioration of delayed response ability after
unilateral and Dbilateral injury. Invasion of the motor and
premotor areas constitutes a severe test of the point in question”
since il involves tissue adjacent to the frontal areas and seriously
interferes with the postural and locomotor mechanisms. It is
significant to note in the case reparled by Jacobsen and Hasle-
rud (30) that motoer performance was so impaired that the experi-
menter had to open the food containers after ¥ had indiented its
choice by touching onc of them. However, aceuracy of per-
formance was in no degree impaired and the length of delsy period
was slightly greater afler operation than before. This improve-
ment probably resulted from betber emotional adjustment.

Localization versus equipotentiality

In formulating the problem of these experiments two neuro-
logically directéed questions were asked to which answers may now

+ Tho present techniques are not suited to investigation of the eficots of exten-
sivo injury to the visual avens. After coeipital lobectomy in monkeys, vesponse to
photie stimulation, except for pupillary reflexes and conditioned responses to
brightness, is lost (48, 49), and response Lo other modes of stimulation is seriously
disrupted by the visual defect. Tor present purposes, however, the visual areas
may be tentatively excluded as a region efficaciony in mediating delayed response
ginee in experiments 1, 2, and 3 extensive training did not restoro eapacity for
delayed response altheugh the oceipital region was intact. Obgervaiions made
in comection with other experfments in which small seatitered lesions wore pro-
duced in the peripheral projection region and in the visupl nssocintion areas
showed no impairment of delayed response.



48 . F. JACOBBEN

point toward u different plan of organization in the primate brain,
an organizetion i wlhich specialized agsociation areas mediate
the more complex integrative funetions which are subserved in
the rat by the corlex as & whole.

In comparing rodent with primate, it is necessary to estab-
lish as well as possible {he functional equivalence of the sev-
erul tests used for the two types of subjects. Methodologically
the delayed alternation problem closely parallels delayed response.
Loncks (43) has reported 8 correlation of 4 .54 between extent of
losion and degree of deficit as measured by postoperative relearn-
ing of the delayed allernation habit, Unlortunately dala arc
availahle for ouly the fromial region of the rodent cortex.
Mader's (46, 47) experiments with “reasoning’’ tests provide data
for the frontal and pucipital portions of the corlex. From an
analysis of his experimental procedures, enough common features
are found in the delayed response and “reasouning” problems o
permit comparison of results from these techniques.  ‘The task
confronting the rat is to make a correet choice between the paths
leading lo two tables on one of which ihe animal had been fed a
chort. time previously. It is evident that whatever other factors
may be involved, such as spatial oricntation, capaeity for recent
or immediate memory is sgsentinl to the solution of the problem.

"Phis fastor then is common +o the “reasoning” and delayed ve-
sponse lests. {Mnier (45) has indeed used the “repsoning’ prob-
lem to study delayed respense a5 2 phenomenon of memory.)
Neurclogical results show rather close correspondence betweell
oxtont of lesion and degrea of behavioral deterioration: 7 = +.5d
and .75 for the frontal and eceipital regions respectively.

More adequate data are found in the maze studies of Tash-
iey (34) and Lashley and Wiley (41), Lashley reported more or

less sevore deterioration on ench of three inclosed mazes. Mazes 1-

and 11 wore a simple Tomaze and a siight modification of the
T.maze respectively; {hey required no great amount of patierning
of behuvior and were relatively resistant to cortical injury.
Nagze 1T was a shuttle type of muze which required the animal
{o establish the Tabit of alternately gurning right, left, right and
loft at successive choice points. Lishley's analysis indicates that

Pt il

T
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assumed by other nenrologists (Nissl von Mayendorf), thus depriving
the intercalated regions of the exclusive monepoly of these higher
processes?’’ {52, PP 212-13).

1t gocs heyond the present experiiments 1o attempt to answer
completely the several problems ralsed by Polink.  However, the
experiments do Jemonstrate that for at least one type of complex
behavioral adaptation, and we Lelicve for olbers also (28), the
frontal association areas have exclusive control, and in the absence -
of these areas, no other TeEions- SEnsory, motor or association—
are capable of mediating those functions.

The present experiments avoid certain eriticisms {sce p. 16)
which have been justly directed against earlicr experiments and
clinieal studics by both parties to the localization conlroversy.
In the present experinents the ablations were gomplete, henee
the differential cffects on delayed response and on other problems
can nob be dismissed on {he basis of inadequate surgical tesions.
On the other hand, equally exlensive injuries have been produced
in ather cortieal regions without significanily altering performance
on the lest which was severely disturbed by injury of the frantal
areps.  Comparison of pra- and postoperative behavior s nob
impressionistic, bul is based on results from controtled Lest situs-
tions. Trurthermaore, postoperative tests were made not only
within a few weeks following operation but after many months
during which the subject received postoperative {raining. Tlence
ihe behavioral loss is not 4 transtent disturbance due to operative
shovk or diaschisis but represents a permaunent residunl deficit.
Additional control of operative shock is found in cases of unilateral
trontal lesions and of mjuries Lo olher parts of 1he cortex,

Camparison of rodent with primale

Reference bas been made in 2 provious seetion to the existence
in rodents of Lwo distinet types of organization within the same
corlical arca: onc in which the differentiated structure was pré-
dominant (vision) and another in which the undifferentinted mass
of Lissue was of greater importance than the mosaically localized
elements (maze learning). The results of the present experiments .
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brought out by the mage and treasoning” technigues and by the
delayed response tests, it then is evident that o diffevent plan of
cortical organization prevails in the primale brain than in the
rodent. 1t would thus appear that behavioral adaptations which

depend on or utilize in some manner the sapacity designated ;

above as immediate memory depend on special association arcas
in the monkey but on the cortical mantle as a whole in the rat.

Thie distinclion belween primate and rodent is in harmony
with the available analomiesl data. Brodmann (5) suggests that
frontal tissue, if present a$ all in the rodents, is of a primitive
chavacter. Anatomically he has traced the increase in frontal
tissue Lhrough several orders of mammals and has given the fol-
lowing indices of the proportion of frontal cortex Lo tolal corfex:
hedge-hog, © per cent; rabbits, 2.2 per cent; cab, 3.4 per cont;

dog, 6.9 per cent; macaque, 8.3 per cent; capuchin, 9.2 per eent;

gibbon, 11.3 per cent; chimpanzee, 16.9 per cent; and man, 20
per cent.  Om the behaviorel aspect, little precise information is
available except for the rat and primates. Removal of the frontal
areas in dogs is known to produce increased activity similar to
that observed in primates, but careful study of complex behavior
is lacking. Among the primates, it is evident that the behavioral
disturbaneces are more varied in chimpanzee (28) than in monkey,
and only in the former do the emotional disturbances stressed
by Feuchtwanger (15) spproach the condition observed in man
after frontal injury.

While it is thus possible to indicate that a different plan of
arganisation prevails in the cerebral hemispheres of the monkey
than in those of the rat, the prosent experiments tell little of the
funclional conditions within a specialized region such as the
frontal arcas. Tl would be quite incorrect to regard them as dis-
proving such principles as ammivalence and mass function, 1t
may be that within a specialized area such as the frontsl the com-
ponent parts are functionally cquivalent and that within this
area, the principles of omnivalence and of mass funcéion which
characterize the cortex as a whole in 1he less developed organism,
slso characterize the activities of this specialized region in the
more highly cvolved cercbrum, The question is beyond the scope
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the llnost important factors in the maze hahit are a generalization
of direction from specific turns of the maze and development of
sume cgntral organization by which general direction can be main-
ts,me.d in spite of variations in posture and in speeific diveetion of
running. Tn the shuttle maze, the cue probably is not merely
-t.he visual appearance of the successive choice points but, at lcast
in parL3 recall of the direction of the preceding turn. Ttushley’s
dlslcussmn of the nature of deterioration after cerebral injury
points to such a factor; he writes:

“One does not, realize the meaning of random’ bebavior until he has
clompared a normal animeal with one having extensive cercbral destrue-
ltlon. The normal animal almost never re-enters a cul-de-sac without
intervening exploration of other parts of the maze. An animal with
seyere lesions may repeat a single error as many as two hundred times
before passing to other parts of the maze. Such difference can only
mean that the normal animal possesses something like an immediate
memory whicl prevents bim from repeating an error just made.  Simi-
larly after the first trial or two the normal animal gives evidence of a
general orientation which the operated case is somctimes siow in ac-
quiring” (34, p. 138). ‘

) ’Th.e behavioral deficit exhibited by rats with extensive coriical
injuries ig strikingly similar to the defect of recent memory de-
seribed in the monkey after ablation of the frontal association
arens. While loss or weakness of immediate memory can not
be regf_u'ded a8 the only factor contributing to inferior learning in
rats with cortical injury, it is elear from the nature of the defect
thaf, capacity for recent memory plays an important réle. In
1heir sever.al studies lashley and Wiley have reported coefficients
o.f COI'.I‘C']EL‘thn ranging from .51 to .86 between extent of cor-
tical injury and various measures of learning and refention of
maze habits. Lesions involved all parts of the neo-cortex, and
within limits the several parts of the cortex appeared to be eq'ually
ca.pablc.of mediating the behavior in gquestion. Final efficiency
Of learning was predominantly determined by the mass of intact
tissue rather than by the locus of that tissue.

If one grants a functional equivalence between the basie defects
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acquisition and daily performancee of habits exhilits certain devia-

tions. 'Thus in diserimination and puzsle box learning hehavior
N

tends to be slercotyped; the aperated animal repeats ertors in
contrast to the mere varied behavior of the normal. Similarly,
when a particular problem has been mastored, performance may
he more variable.  The operated animal scems more disiractable
in contrasl to the sustained direeled behavier of the normal
subject.  Behavior, inslend of being dirccied by a balance of
imunediate, recent and temporally vemote stimulation, is domi-
naled by present external stimuli and the stable habil systems
derived from earlier training; the nmemonie influence of imme-
diately past experience is lacking.  The snimal withoul ils frontal
areas no longer appears to “worry” over mistakes. Whereas the
normal monkey or chimpanzee may hecome excited, ery and have
a temper tantrum, or on the other hand, turn away and ignore
the problem after several successive failures, the subjeet lacking
frontal ureas seems quite impervious to any fruslrating effects
of errors,

In & sense the results seem almost paradoxical. The animal
without the frontal association area lenrns and rotains SENsoIy-
motor habits and visual diseriminations hut it is unahle to remem-
ber for even a few seconds under which of two cups a piece of food
had been coneealed.  Our difficulty, however, may arisc, as Lash-
ley (35, 39) has expetimentally demonstratod, from the possibility
that memory is not a unitary process but that it comprises differ-
ent processes mediated through different neurological mechanisins,

in support of this view Lashley has advanced duta on rats which-

show that i diserimination learning in which the terms are so
arranged as to involve enly the relation of contiguity, there is
little retardation in the rate of forming associations after extensive
decerebration,  Observations on the doulle latch hox problem
indicate that this habil may be sequired in nearly normal fashion
efter injury to any part of the corlex in amounts up te 58 per cent,.
Yel these same lesions cause retarded acfuisition and impaired
retention of maze habits.  Maier’s studies of the effoets of cor
tical injury on learning (halit formation through repeated trials)
and on “reasoning” point 1o the disereeiness of these {ypes of
behavioral modifieation,
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of this paper, but an affirmative answer scerns 1o he indicated,
Limitfed evidence from the partial lesions of 1he present experi-
ments, from Ilarlow's observalions on expanding lesions, from
experiments on chimpanzee (28), and from clinical stndies, shows
that some degree of function is possible providing » certain mini-
mum of frontal tissue remains intaet. Experiments now in prog-
ress with the eollaboration of Trs. Haslerud and Tuylor suggest.
thai the extent of lesion in the frontal lobe places a definile limil
on the leve! of function atiainable after operation.

Considerations for psychology: Nature of the delerioration

Bilateral injury of the frontal association areas in primates
results in severe deterioration of certain modes of behavior,
More specifically, operated animals are unable Lo remembor aftor
alapse of a few seeonds under which of two eups food is concenled.
Again, if a frontally lobeetomized chimpanzee is confronted with
the task of getting a piece of food slightly beyond its unaided
reach, it seizes and uscs the nearby stick to draw in the food.
Furthermore, it is abie to employ a stick, too short in itseif to
reach the food, in erder to secure a longer stick with wiich the jure
can finalty be obtained. in these problems food and stick are
both present in the visual field,  When the task is complicated by
showing lhe animal & stick at one end of the cage while food js
placed at the opposite end, it is not able to solve the problem,
It apparently fails to remember while looking at the food that a
suitable stick is available at the other end of the cage. It is as if
“out of sight, out of mind” weve literally applicalle. The tem-
poral organization so characteristic of normal hehavior is greatly
reduced, if not entirely lacking,

Deterioration, however, is not generalized; the loss is specifie
rather than global.  Acquisition of conditioned reflexes, dis-
crimination habils and puzele box =olutions is not significantly
different, (judged by trials reguired for learning) Irom that of
normal subjects.  Moreover, retention of sueh hsbits, acquired
hefore operation, is not impaired by injury of the frontal assoeia-
tion areas. Yot shere s indication ihat although the final
Products tend to be equivalent to ihe normal, behavior during
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and also in the intermediate zone between molor and frontal
association arcas. Furthermore it is evident that not all parts
of this motor region are functionally equivalent for the inter-
medixle zone is seen to exort a controlling and regulatory influence
in relation to the adjacent motor aren. 11 is concerned, as evi-
denced hy stimulation and exiirpation experiments, with media-
tion of complex patterns of movement rather than with the con-
{raction of small discrete groups of effectors as in the case of the
more readily excitable motor area.  In man this type of organis-
ing and patterning activity is most advanced and the anarthric
and apraxic disturbances of speech and complex movement, asso-
ciated with pathology of this region, give further insight into its
functional characteristics.  Attribuiion of a synthesizing, or seri-
alizing réle to the frontal lobes as a whole, a point of view notably
advanced by Bianchi and coneurred in by later investigators,
seems well founded.  The resutts of the present experiments are
in agreement with this general characterization of {rontal lobe
function.

Tt is questionable, however, whether such notions as gynthesis,
serializing, and organization are not 100 broad to be of analytical
value. When a chimpanzee, although lacking its frontal areas,
uses a saries of three or four successively longer siicks to obtain
a piece of food or learns to operate a serics of levers in & definite
order, or when a monkey learns a discrimination problem, be-
havior certainly manifests a qualily deseribable as “synthesis.”
Although modified by removal of the frontal tissue, cfforts of
adaption arc not chaotic. Synthesis or organizalion is clearly
not a property peculiar to the frontal lobes or even the cerebral
cortex. One recalls in fhis connection Hughlings Jackson’s
admonition not to inquire—‘"how is general mind damaged?"’—
Wt to ask rather—“what aspect of mind is damaged?” Thus,
while we may grant synthesizing functions to the frontal areu,
our problem now becomes ene of slating under what conditions
and in what kind of problems, synthesis, or preferably behavior,
is disrupled and ineffectual.

The present experiments suggest a definite although restricted
answer,  Adapistion s inadequate in those situations which
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The problem, however, is nob new, nor is it peculiar to animal
experiments. The variely of terms used to designate the phe-
nomepa of learning and memory in man—intentional versus
incidental learning, immediate memory versus more permancnt
retention, logical memory, merory span, recall, reproductive and
associative memoty--points to a similar dilemmna. In a recent
digseussion McGeoch (50) has emphasized the need for further
experimental analysis of the apparent gap, as revealed by behav-
ioral studies, between the phenomena of the memory span and
of learning by repeated trials. The present experiments at onee
suggest that this gap may be more real than fortuitous in that it
may arise, not from incomplele psychological analysis, but from
the faet that two diserele processes, mediated through different
nenrological mechanisms, are being gtudied. The several prol-
Jem boxes and visual discrimination tests favor cstablishment of
stable sensory-motor habits by repeated triale, On the other
hand, the delayed response toest makes quile different demands
and is suggestive of the kind of ecvents which in man we charac-
terize as immediate memory.® These experiments can only sug-
gest an answer to our questlon since more complete data on the
behavioral aspect and further study of the physiological mecha-
nisms of these phenomena with a greater range and variety of
Lest situations arc required.

Clinical interpretations of the deficit associated with patho-
logical conditions of the frontat lobes have cenlered about the
concept of synthesis and organization of behavior, patticularly
in its move complex aspects. The motorial nature of the frontal
lobes has been recognized since the early clinical observations of
Hughlings Jackson, clearly in the readily excitable motor area

s In using the term immediate memoty to designnte the defect that follews
injury to the frontal areas we do so with little ussurance that it is either sulli-
ciently inclusive or geseriptively adequate for the phenomena in point. In
some regpects recognition memory and recall appoar to boe bettor suited, It is
cbvious that use of any of these terms adds little to our understanding of the
easential physiologien) and paychélogical problems beyond a comfortable feeling
of familigrity. For the present operationg] definition of the functions involved

may be a more satisfactory procedure.
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sensory environment, and the integration and organization of
recalled clements with the orgenism’s slable habit systems.
Comparison of these complex behavioral integrations in monkey
and man, is, in contrast to the simpler sensory and motor func-
tions, particulasly diffieult since in the latter language mechanismns
play an as yet incompletely understood part. Nevertheless the
similarity and equivalence of defcets seem far greater ihan the
discrepancies. ‘This evaluation has been kepb at a minimum in
this monograph until the studics on partial lesions of the frontal
area in monkeys and the experiments on frontal lobectomy in
chimpanzee—which, possessing & richer emotional expression than
the monkey, exhibits defects that more nearly approach the
hehavioral deterioration seen in man—-have been made available.

SUMMARY

The 16le of the frontal assoeiation areas in mediating eomplex
adaptive behavior has been studicd in lower primates, Mon-
keys were {rained on two types of behavioral tests: (¢} situations
in which the essential cues were svailable in the subject’s envi-
vonment at the time of response (problem box and diserimination
habits), and (b} situations in which certain essential eucs had to
he recalled from recent experience (delayed response). Experi-
mental lesions were ihen made in various arcas of the cerebral
cortex and the ensuant disturbances anatyzed. The results may
be summarized as follows:

1. Unilateral lesions caused no impairment of performance on
any tests. ~ There was no evidence of hemispheral dominance.

9. Bilateral lesions of the frontal nssociation arcas, either par-
tial or complete, resulted in different effects on the two types of
tests.

{¢) Mewmory for simple problem box habits and for visual dis-
crimination habits was not impaived, nor was the ability to learn
now tasks of a similar nature reduced.

(b The ability to perform delayed response was abolished by
complete lesions of the frontal areas. The subjects failed in this
test with delays as short as one or two scconds.

(¢) Subtotal lesions enused a ghartening of the time through
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require for their solution not only present sensery ilems but also
clements of past experience which can be introduced only through
the action of memory., In the visual diserimination and puzzle
box cxperiments the differential eues determining whether the
animal shall go to the left or right box on & given trial, or whether
it shall pull a rope projecting from the side of the problem hox or
turn a crank, arc inherent in the test situation at the time of
response. 1t is clear that the frontal areas are not concerned with
retention and activation of stable habits of this type. But in the
delayed response test and in the instrumentation tests in which all
items are not available in {the visual field, the cues delermining
which of 1wo cups shall be raised, or where a stick shall be secured
for use in drawing in the food, if indeed it is to be sought at all,
are carefully eliminated from the situation, In some manner the
differential cues must be supplied by the subjeet from its past
experience, namely observation of the experimenter concealing
the food or placing the stick out of the immediate field of the
problem, Xohler’s description of the efforts of the chimpanzee
Sultan to sceure a suspended banana illustrates well our point.
Several attempts to reach the lure with objects in the immediate
vicinity had failed when

Youdie abruptly, and withowt vistble exlernal ceuse, Sultan coascd belabour-
ing door and bolt {with which he had been atiempting to reach the lure),
remained motionless, sprang to the ground, traversed the passage atb a
gallop, and was back in o moment with the hox (which he had been
shown at the beginning of the experiment). In that sccond, in which
his behavior obviously took a fresh direction, the deor covered and
concealed the objective from his view which did not prevent him from
irying to tear away the bolt as an implement: yet the box was at a
much more considerable distance, around the corrider corner, and
behind his back. It is evident, however, how immensely delayed the
solution may beeome when the implement ean be Introduced only
through the action of memory” (33, p. 52}

Th_is t-.hen appears to be the peculiar contribution of the frontal
association arcas, namely, recall of a particular past event which
may be only in mediate association with some aspeet of the present
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